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FOREWORD 

The contents  of th is  r e p o r t  a r e  the r e s u l t s  of an al t i tude qua l i f i ca t ion  
tes t ing  p r o g r a m  of the A e r o j e t - G e n e r a l  Corpo ra t i on  (AGC), Block II 
AJ10-137,  l i q u i d - p r o p e l l a n t  rocke t  engine.  This  t es t  phase (Phase  VI} 
was a cont inuat ion of p rev ious  tes t ing  (Phase  V) dur ing which the t h ru s t  
chamber  b ip rope l l an t  valve  did not m e e t  qua l i f ica t ion  r e q u i r e m e n t s  and 
was subsequent ly  modif ied  for  r e t e s t i ng  as r e p o r t e d  he re in .  This  p ro -  
g r a m  was sponsored  by the Nat ional  Aeronau t i c s  and Space Adminis t i -a-  
t ion,  Manned Spacecra f t  Cente r  (NASA-MSC), under  Sys tem 921E/9281.  
Techn ica l  l i a i s o n  was provided by AGC, s u b c o n t r a c t o r  of North A m e r i c a n  
Rockwell ,  Space Divis ion  (NAR-SD), for  the deve lopment  of the Apollo 
Serv ice  Module (SM) Engine.  Qual i ty  a s s u r a n c e  su rve i l l ance  was provided  
by AGC, NAR, and ARO, Inc. 

The tes t  p r o g r a m  was r eques t ed  to suppor t  the Apollo p ro jec t  under  
MIPR-29844G. Tes t ing  was conducted by ARO, Inc. (a subs id i a ry  of 
Sverdrup  & P a r c e l  and Assoc i a t e s ,  Inc. }, con t rac t  ope ra to r  of the Arnold  
Eng inee r ing  Development  Cen te r  (AEDC}, Air  F o r c e  Sys tems  Command 
(AFSC), Arnold Ai r  F o r c e  Station,  Tennes see ,  under  Cont rac t  F40600- 
69-C-0001.  The tes t ing  was conducted in P ropu l s ion  Engine Tes t  Cell  
(J-3) of the Rocket  Tes t  Fac i l i t y  (RTF) between F e b r u a r y  1 and Apr i l  4, 
1968, under  ARO P r o j e c t  No. RM1731. This  m a n u s c r i p t  was submi t ted  
for  publ ica t ion  on Ju ly  17, 1968. 

In fo rmat ion  in th is  r e p o r t  is embargoed  under  the Depa r tmen t  of 
State In te rna t iona l  T ra f f i c  in A r m s  Regula t ions .  This  r e p o r t  may  be 
r e l e a s e d  to fo re ign  gove rnmen t s  by depa r tmen t s  or  agenc ies  of the 
U.S.  Government  subject  to approva l  of NASA-MSC (EP-2) ,  o r  h ighe r  
au thor i ty .  P r i v a t e  individuals  or  f i r m s  r e q u i r e  a Depar tment  of State 
expor t  l i c ense .  

This  t echn ica l  r epo r t  has been rev iewed  and is approved .  

Donald W. E l l i son  
Lt Colonel ,  USAF 
AF Represen ta t ive ,  RTF 
Di r ec to r a t e  of Tes t  

Roy R. Croy,  J r .  
Colonel, USAF 
Di rec to r  of Tes t  

ii  
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ABSTRACT 

Simulated al t i tude tes t ing  of the Apollo SPS Block II engine was 
conducted fo r  the qual i f ica t ion  of a new des ign b ip rope l l an t  valve  
(Mod I-C).  Also,  t e s t s  were  conducted to inves t iga te  pos t f i r e  p rope l -  
lant  evapora t ive  cooling in the engine i n j ec to r  and to eva lua te  e l e c t r i c  
s t r i p  h e a t e r s  on the engine p rope l lan t  l i nes ,  b ip rope l l an t  valve ,  and 
in jec to r .  O n e - h u n d r e d - s e v e n t e e n  tes t  f i r ings  were  made  fo r  a to ta l  of 
863 sec  of f i r ing  t ime  during nine t e s t  pe r iods .  P r o p e l l a n t s  were  
n i t rogen  te t rox ide  and 50/50 hydraz ine /UDMH.  Engine  ope ra t ion  and 
p e r f o r m a n c e  were  s a t i s f ac to ry ,  but the b ip rope l l an t  valve developed 
l eaks  in the valve ball  s ea l s  and shaft  s ea l s  g r e a t e r  than spec i f i ca t ion  
l i m i t s .  P rope l l an t  evapora t ive  cooling produced in j ec to r  l oca l  t e m -  
p e r a t u r e s  down to 17°F f r o m  30°F s t a r t i ng  condi t ions .  Cold t e s t  con-  
di t ions (30°F) had l i t t l e  effect on engine opera t ion  o ther  than to s l igh t ly  
slow down b ip rope l l an t  valve opera t ion  and to extend the igni t ion  
t r an s i en t .  

This document is subject' to special export controls 
and each transmittal to foreign 8overnments or foreign 
nationals may be made only with prior approval of 
NASA-MSC (~P-2), Houston, Texas 77058. 
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SECTION I 
INTRODUCTION 

The Apollo spacec r a f t  cons i s t s  of a Command Module (CM, t h r e e -  
man  capsule) ,  Serv ice  Module (SM) which conta ins  the main  p ropu l s ion  
sy s t em and p rope l l an t  tankage,  and the Luna r  Module (LM). The 
AJ10-137 is the ma in  p ropu ls ion  engine ins t a l l ed  in the SM. 

T h r e e  phases  of s imula ted  al t i tude t e s t ing  were  conducted to develop 
and qual i fy the engine (designated the Block I conf igurat ion,  Refs.  1 
through 10), but d i f f icu l t ies  encoun te red  dur ing al t i tude tes t ing  n e c e s -  
s i t a ted  f u r t h e r  deve lopment  (Phase  IV, Refs.  11 and 12) and qua l i f i ca t ion  
tes t ing  (Phase  V, Ref. 13). The l a t t e r  engine conf igura t ion  was des ig -  
nated Block II, and th is  des ign was qual i f ied  dur ing Phase  V t e s t ing  
except  for  the th rus t  chamber  b ip rope l l an t  valve (TCV), which developed 
l e aks  s l ight ly  g r e a t e r  than the spec i f ied  l i m i t s .  

Phase  VI was conducted p r i m a r i l y  for  qua l i f i ca t ion  t e s t ing  of the 
AJ10-137 engine r edes igned  b ip rope l l an t  valve.  This  r e p o r t  cove r s  
the Mod I -C b ip rope l l an t  valve qua l i f ica t ion  t es t ing  of this  engine in 
P ropu l s i on  Engine Tes t  Cel l  (J-3).  In addit ion,  t es t  r e s u l t s  a re  
included of the e l e c t r i c a l  h e a t e r s  which were  being cons ide red  fo r  
use on the p rope l l an t  l i nes  and in j ec to r  of the f l ight  veh ic l e s  and of 
the pos t f i r e  p rope l l an t  evapora t ive  cooling in the in jec to r .  One 
engine was t e s t ed  with two b ip rope l l an t  valve a s s e m b l i e s  for  a tota l  of 
863 sec  of f i r ing  t ime  dur ing  nine tes t  pe r iods .  A s u m m a r y  of the 
individual  tes t  per iods  and tes t  f i r i ngs  is p re sen ted  in Table  I 
(Appendix II). 

SECTION II 
APPARATUS 

2.1 TEST ARTICLE 

The Aero je t  AJ10-137 rocke t  engine is a p r e s s u r e - f e d ,  l iquid-  
p rope l lan t  engine which includes  a s e l f - con t a ined  n i t rogen  p r e s s u r e -  
ac tua ted  b ip rope l l an t  valve,  a doublet imp ingemen t  i n j ec to r ,  a f i l m -  
cooled abla t ive  combus t ion  chamber ,  e l e c t r i c  g imbal  ac tua to r s ,  and a 
60:1 expans ion  r a t i o  r a d i a t i o n - c o o l e d  nozzle  extension.  The ove ra l l  
height  of the comple te  engine a s s e m b l y  (Fig. 1, Appendix I) is approx i -  
ma t e ly  13 ft,  and the engine a s s e m b l y  weighs app rox ima te ly  850 lb. 
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The Block II engine used for this testing was designed to operate 
at a nominal I. 60 mixture ratio (O/F) and a chamber pressure of 
99 psia with a minimum of 50 starts over an operating life of 750 sec. 
The liquid, storable, hypergolic propellants were nitrogen tetroxide 
(N204) as the oxidizer (MSC-PPD-2A) and Aerozine-50 ® (AZ-50) as 
the fuel (MIL-P-27402). The N204 had a nominal 0.6 percent by 
weight nitric oxide additive. 

During this Phase VI testing, gimbal actuators were not included 
in the engine assembly; engine gimbal movement was restrained by 
stiff links. The radiation-cooled nozzle extension was attached to the 
combustion chamber at the 6:1 area ratio. The major components 
used in each engine assembly are identified as follows: 

Nozzle 
Engine Test TCV Injector Chamber Extension Balance  
S/N Perio~ S/N S/N S/N S/N Orifices 

54]) FA,FB, 128 104 351 054 Dual bore 

FC 

54E FD 128 104 351 054 Single bore 

54F FE,FF, DV-2 094 351 054 Dual bore 

FG,FH, 

FJ 

2.1.1 Thrust Chamber Valve and Propellant Lines 

A pneumatic, pressure-operated, bipropellant valve was used. 
Gaseous nitrogen stored in two spheres at pressures up to 2500 psia 
and regulated to approximately 220 psia provided actuation pressure. 
Electrical command signals were required for opening and closing the 
valve. 

The bipropellant valve assembly consisted of eight ball valves: 
two in each of two parallel fuel passages and two in each of two parallel 
oxidizer passages (Fig. 2). One fuel passage and one oxidizer passage 
constituted an independent valve bank; thus the TCV had two valve banks, 
designated valve banks A and B. The redundant valve banks allowed 
normal engine operation if one of the banks became inoperative. Com- 
plete redundancy in the TCV was provided since each of four TCV 
actuators operated one fuel and one oxidizer ball valve and since one 
nitrogen sphere and regulator provided pressure for operation of one 
valve bank. Each of two solenoid-operated enable valves was con- 
nected to a pair of actuators; thus, valve bank A, bank B, or both banks 
could be utilized to fire the engine. 
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The TCV was connected to the p rope l l an t  supply s y s t e m  by the 
engine p rope l lan t  l i nes .  The p rope l lan t  l i ne s  contained f lex ib le  bel lows 
sec t ions  to p e r m i t  engine g imbal ing  and s c r e e n  f i l t e r s  at the l ine  in le t s .  

T r i m  o r i f i ce s  were  ins t a l l ed  at the TCV inlet  por t s  to adjus t  the 
p r e s s u r e  l o s s e s  in the pa r a l l e l  valve  p a s s a g e s  so that  engine opera t ion  
us ing e i t he r  valve  bank would produce n e a r l y  the s a m e  engine p e r f o r m -  
ance.  Engine ba lance  o r i f i c e s  were  ins t a l l ed  at the engine p rope l lan t  
l ine  in le t s  ( in te r faces )  to adjus t  the engine overa l l  p r e s s u r e  l o s s e s  so 
that  nomina l  engine opera t ing  condit ions would r e s u l t  f r o m  engine 
s t anda rd  inlet  condi t ions of p rope l lan t  p r e s s u r e  and t e m p e r a t u r e .  
Or i f i ce  s i z e s  for  al l  t e s t  per iods  a r e  l i s t e d  below: 

T e s t  
Period 

FA 

FB 

FC 

FD 

FB 

FF 

FG 

FH 

FJ 

Ori f ice  Diameter# i n .  
Ensine 

Y.nterfaee 
Trim Or J.fJ.oes Balance r~arge t; 

TCV Bank A Bank B O r i f i c e s  Balance 
S/N Oxid£zer Fuel O~Id.Luer Fuel Oxid£zer Fuel C o n d i t i o n  

5~D 28 1.783 1.930 1.930 i.~7 l.g&0 1.&O~ ~I ~o~ 

5~ 128 1.783 1.930 L930 1.517 1.766 i.~0 ~i 

5~D 128 1.783 1.93o 1.93o 1.717 1.785 1.361 real m~ 

5&~ 128 1.783 1.93o L930 1.517 1.935 L&~6 S~agl, Bore 

~&,, DV-2 1.7~ 1.786 1.7~7 1.~75 2 . 0 ~ 2  1.4o7 ~ Bore 

The TCV used in this testing was a new design, designated the 
Mod I-C, which included seal rings on the upstream side, in addition 
to those on the downstream side, of all ball valves (Fig. 3). The num- 
ber of springs holding the seals was also increased, and the individual 
spring loading was decreased to provide more uniform load distribution 
for  be t t e r  sea t ing .  The sea l  m a t e r i a l  was a l so  changed f rom t e t r a f l u -  
o roe thy lene  (TFE) to a g l a s s - f i l l e d  TFE .  The ball  shaf t s  were  changed 
f r o m  stub shaf t s  to shaf t s  extending comple te ly  through in o r d e r  to 
improve  the r i g id i t y  and a l ignment  and to reduce  the l a t e r a l  movemen t  
of the ba l l s  (see Fig.  3b). 

3 
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2.1.2 Propellant Injector 

Two i n j e c t o r s  w e r e  u sed  dur ing  t h i s  t e s t i n g ;  both S /N  104 and S / N  94 
w e r e  the  Block  II f l igh t  d e s i g n  (Mod 4) (F ig .  4). I n j e c t o r  S / N  §4 i nc luded  
a tap  in the  c e n t r a l  fue l  m a n i f o l d  fo r  the  i n s t a l l a t i o n  of a t h e r m o c o u p l e  
p robe  to m e a s u r e  fuel  e v a p o r a t i v e  coo l ing  e f f ec t s .  Both  i n j e c t o r s  con-  
t a i n e d  o r i f i c e s  a r r a n g e d  in a double t  c o n f i g u r a t i o n  wi th  a l l  o x i d i z e r  and 
s e l e c t e d  fuel  o r i f i c e s  c o u n t e r b o r e d  to s t a b i l i z e  the  i n j e c t e d  s t r e a m s  and 
t h e r e b y  p r e v e n t  r a n d o m  c h a m b e r  p r e s s u r e  p u l s e s  (Ref. 13). The  
i n j e c t o r  c o n f i g u r a t i o n  inc luded  a c e n t e r  hub baf f le  and f ive  e q u a l l y  s p a c e d  
r a d i a l  ba f f l e s  fo r  i m p r o v e d  c o m b u s t i o n  s t a b i l i t y .  T h e s e  ba f f l e s  w e r e  
r e g e n e r a t i v e l y  cooled  wi th  fue l  and p r o v i d e d  fuel  d i s t r i b u t i o n  to the  o u t e r  
fue l  m a n i f o l d  r i n g s .  The  i n j e c t o r  had  a s i n g l e  row of n o n i m p i n g i n g  
o r i f i c e s  a d j a c e n t  to the  i n j e c t o r / c o m b u s t i o n  c h a m b e r  i n t e r f a c e ,  wh ich  
d i v e r t e d  a p p r o x i m a t e l y  5 p e r c e n t  of the  to t a l  fue l  f low into  a f u e l - r i c h ,  
l o w e r - t e m p e r a t u r e  f i l m  fo r  p r o t e c t i o n  of the a b l a t i v e  c h a m b e r .  

I n j e c t o r  S /N 104 had been  t e s t e d  p r e v i o u s l y  at AEDC (Ref. 13) fo r  
a to ta l  of 1507 sec ;  the  t e s t i n g  r e p o r t e d  h e r e i n  added  827 s e c  fo r  a to ta l  
of 2334 s e c  of t e s t  t i m e  at AEDC.  I n j e c t o r  S / N  94 was  t e s t e d  for  a t o t a l  
of 37 s e c  d u r i n g  the  c u r r e n t  t e s t .  

An e x p l o s i v e  pu l se  c h a r g e  was  a t t a c h e d  to the i n j e c t o r  fo r  d e m o n -  
s t r a t i n g  c o m b u s t i o n  s t a b i l i t y  fo r  the  f i r s t  f i r i n g  of the FA,  FC,  and FE  
t e s t  p e r i o d s  (as done in  P h a s e  V, Ref.  13). 

2. i.3 Combustion Chamber 

The  a b l a t i v e l y  cooled  c o m b u s t i o n  c h a m b e r  was  the  s a m e  Block  II 
d e s i g n  as  u s e d  p r e v i o u s l y  (Ref.  13). C h a m b e r  S /N 351 was  u sed  fo r  
a l l  t e s t s  c o v e r e d  by th i s  r e p o r t .  

2.1.4 Exhaust Nozzle Extension 

The r a d i a t i o n - c o o l e d  nozz l e  e x t e n s i o n  u s e d  d u r i n g  t h i s  t e s t i n g  was  
the s t a n d a r d  Block  II f l igh t  d e s i g n  ( c o l u m b i u m - t i t a n i u m  con f igu ra t i on )  
u s e d  p r e v i o u s l y  ( P h a s e  V, Ref.  13). N o z z l e  S /N  054, u s e d  d u r i n g  t h i s  
t e s t i n g ,  had been  t e s t e d  p r e v i o u s l y  for  a t o t a l  of 2.262 s e c  (Ref.  13) and 
fo r  863 s e c  d u r i n g  th i s  phase ,  fo r  a t o t a l  of 3125 s e c  of eng ine  f i r i n g  
t i m e .  T h i s  nozz l e  is  shown in F ig .  5 as  it  a p p e a r e d  a f t e r  t e s t  p e r i o d  
FJ .  

2.1.5 Electric Strip Heaters 

S t r i p  h e a t e r s  on the  eng ine  p r o p e l l a n t  l i n e s ,  b i p r o p e l l a n t  va lve ,  
and i n j e c t o r  w e r e  p r e p r o t o t y p e  d e s i g n s  wh ich  w e r e  be ing  e v a l u a t e d  by 

4 
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NAR f o r  s p a c e c r a f t  use .  The h e a t e r s  w e r e  supp l i ed  by NAR and w e r e  
i n s t a l l e d  on the eng ine  by a d h e s i v e  bonding  u n d e r  the  d i r e c t i o n  of NAR 
p r i o r  to t e s t  p e r i o d  FE,  as shown in Fig .  6. 

The  eng ine  l i ne  and b i p r o p e l l a n t  va lve  h e a t e r s  w e r e  con t inuous  
s t r i p s  f r o m  the  eng ine  i n t e r f a c e ,  l ooped  o v e r  p r o p e l l a n t  l i n e  b e l l o w s ,  
l ooped  o v e r  the l i n e / v a l v e  i n t e r f a c e ,  and e x t e n d e d  about 5 in. onto the  
va lve  body (Fig.  6a). L i n e  h e a t e r s  w e r e  a l so  i n s t a l l e d  on the  F--3 
f i x tu re  f r o m  the  eng ine  i n t e r f a c e  to about 3 ft u p s t r e a m  of the  i n t e r f a c e .  
E a c h  of the  l i ne  h e a t e r  s t r i p s  con ta ined  two s e p a r a t e  hea t i ng  e l e m e n t s .  
The eng ine  l i ne  s t r i p s  and F-3  f i x tu re  s t r i p s  w e r e  c o n n e c t e d  to p r o v i d e  
two l i n e  hea t i ng  c i r c u i t s ,  A and B, each  of wh ich  was d e s i g n e d  fo r  half  
the to ta l  hea t i ng  capac i ty .  The  two c i r c u i t s  could  be u s e d  s e p a r a t e l y  
or  c o l l e c t i v e l y  and w e r e  d e s i g n e d  for  o p e r a t i o n  at 23 vdc.  The  l i n e  
h e a t e r  i n s t a l l a t i o n  fo r  th i s  t e s t  was  s o m e w h a t  c o m p r o m i s e d  by a s h o r t -  
age of h e a t e r  s t r i p s ;  t h e r e f o r e ,  two F -3  l i ne  h e a t e r - t y p e  s t r i p s  w e r e  
s u b s t i t u t e d  fo r  one eng ine  o x i d i z e r  l ine  h e a t e r  s t r i p .  The  i n s t a l l e d  
wa t t age  d i s t r i b u t i o n  fo r  th i s  t e s t  was  as fo l lows :  

Circuit 
Desi~ation 

Fuel "A" 19.6 55.0 

Oxidizer "A" 19.6 47.1 
Fuel "B" 19.6 55.0 

Oxidizer "B" 19.6 47.1 

Heat Distribution t watts 
F-3 Engine Bipropellant 
Lines Lines Valve Bod~ 

15.0 

7.5 
15.0 

7.5 

Af te r  i n s t a l l a t i o n ,  the  p r o p e l l a n t  l i n e  h e a t e r s  w e r e  w r a p p e d  wi th  a p p r o x i -  
m a t e l y  40 l a y e r s  of 0 . 3 5 - m i l - t h i c k  a l u m i n i z e d  M y l a r  ® fo r  t h e r m a l  i n s u l a -  
t ion.  

The  o n e - p i e c e  i n j e c t o r  h e a t e r  ( see  Fig .  6b) con ta ined  two s e p a r a t e  
h e a t i n g  e l e m e n t s  a l so  d e s i g n a t e d  A and B, e a c h  of which  i n c l u d e d  hal f  
the h e a t i n g  capac i ty  and could be o p e r a t e d  i nd iv idua l ly  or  c o l l e c t i v e l y  
and i n d e p e n d e n t l y  of the l i ne  h e a t e r s .  E a c h  i n j e c t o r  h e a t e r  c i r c u i t  was  
n o m i n a l l y  d e s i g n e d  to p r o d u c e  300 w at 23 v dc. 

The  h e a t e r  c i r c u i t s  w e r e  o p e r a t e d  with a p p r o x i m a t e l y  28 v dc fo r  
the l i n e  h e a t e r s  and 23 v dc fo r  the  i n j e c t o r  h e a t e r  du r ing  the  e v a l u a t i o n  
t e s t s .  
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2.2 NAR F-3 FIXTURE 

The F-3  f i x tu r e  was  a h e a v y - d u t y  m o d e l  of the Apol lo  SPS p r o p e l -  
l an t  s y s t e m  which  was d e s i g n e d  and bui l t  by NAR to r e p r o d u c e  the  
h y d r o d y n a m i c s  of the SM s p a c e c r a f t  as  c l o s e l y  as p r a c t i c a l  fo r  g r o u n d  
t e s t i ng .  The  s p a c e c r a f t  " z e r o - g "  cans  and p r o p e l l a n t  u t i l i z a t i o n  s y s t e m  
w e r e  not  ava i l ab l e  fo r  th is  p r o g r a m .  The  i n t e r n a l  s i z e  and shape  of the  
p r o p e l l a n t  t anks  w e r e  i d e n t i c a l  to t h o s e  of the  s p a c e c r a f t ,  excep t  fo r  
m o d i f i c a t i o n s  n e c e s s i t a t e d  by g r o u n d  t e s t i n g  r e q u i r e m e n t s .  The  Block  II 
t a n d e m  a r r a n g e m e n t  of two tanks  was  u s e d  fo r  e a c h  p r o p e l l a n t ,  a 
1050-gal  " s u m p "  tank and a 1310-gal  " s t o r a g e "  tank.  A s c h e m a t i c  
d i a g r a m  of the  F -3  f i x tu r e  is  p r e s e n t e d  in Fig .  7. 

A f ac i l i t y  g a s e o u s  h e l i u m  s y s t e m  was u s e d  fo r  tank p r e s s u r i z a t i o n .  
Th i s  s y s t e m  p r o v i d e d  v a r i o u s  tank p r e s s u r e s  f o r  t e s t i n g  at o f f - d e s i g n  
p r o p e l l a n t  f low r a t e s .  

Two hea t  s h i e l d s  w e r e  i n s t a l l e d  to p r o t e c t  i n s t r u m e n t a t i o n ,  plumb- 
ing, and the F-3 fixture from the nozzle extension thermal radiation. 
One was a facility shield with black Teflon e retained on a sheet steel 
structure by a steel screen. The second was an NI~R-supplied, flight- 
type, stainless steel shield attached to the combustion chamber/nozzle 
extension interface. 

2.3 INSTALLATION 

The  F-3  f i x t u r e  and AJ10-137  eng ine  w e r e  i n s t a l l e d  in the  P r o p u l -  
s ion  E n g i n e  T e s t  Cel l  ( J -3 ) ,  a v e r t i c a l  t e s t  ce l l  fo r  t e s t i n g  r o c k e t  e n g i n e s  
at p r e s s u r e  a l t i t udes  of a p p r o x i m a t e l y  115,000 ft (Fig.  8 and Ref.  14). 
A 4 0 - f t - h i g h  by 1 8 - f t - d i a m  a l u m i n u m  t e s t  ce l l  c apsu l e  l i n e d  wi th  t h e r m o -  
pane l s  to p e r m i t  t e m p e r a t u r e  cond i t ion ing  of the ce l l  was  i n s t a l l e d  o v e r  
the t e s t  a r t i c l e  to f o r m  the  p r e s s u r e - s e a l e d  t e s t  c h a m b e r .  

A r i g i d  cage  s t r u c t u r e  was  i n s t a l l e d  i n s ide  the  F -3  f i x t u r e ,  and 
a n o t h e r  i n n e r  cage  was i n s t a l l e d  i r ls ide the  r i g i d  cage .  The i n n e r  cage  
was a t t a c h e d  to the  r i g i d  cage by m e a n s  of f l e x u r e  a s s e m b l i e s  to p e r m i t  
axial  f o r c e  m e a s u r e m e n t s  (Fig.  9). The  eng ine  was m o u n t e d  i n s i d e  the  
i n n e r  cage .  

Pressure altitudes were maintained before and after test engine 
firings with a steam-driven ejector located in the test cell exhaust duct 
and connected in series with facility exhaust compressors. During the 
steady-state portion of a firing, pressure altitude was maintained with 
a supersonic engine exhaust diffuser (Fig. 8b). Ejector steam was 
supplied by the AEDC boiler plant and supplemented by steam from 
steam accumulators. 

6 
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Addi t iona l  t e s t  f a c i l i t y  s y s t e m s  inc luded  g round  l e v e l  p r o p e l l a n t  
s t o r a g e  t anks ;  h e l i u m  s t o r a g e  and r e g u l a t i o n  for  F - 3  p r o p e l l a n t  t ank  
p r e s s u r i z a t i o n ;  g a s e o u s  n i t r o g e n  fo r  t e s t  a r t i c l e  pu rg ing ,  l e ak  c h e c k -  
ing,  and va lve  ope ra t ion ;  and hea t  e x c h a n g e r s  f o r  t e m p e r a t u r e  cond i -  
t ion ing  p r o p e l l a n t s  and t e s t  ce l l  c apsu l e .  E q u i p m e n t  fo r  t e s t  a r t i c l e  
o p e r a t i o n  l o c a t e d  in the  J - 3  con t ro l  r o o m  inc luded  the  AGC f i r i n g  
conso le  and c o m b u s t i o n  s t a b i l i t y  m o n i t o r  (CSM). 

2.4 INSTRUMENTATION 

I n s t r u m e n t a t i o n  was  p rov ided  to m e a s u r e  eng ine  ax ia l  f o r c e ;  
c h a m b e r  p r e s s u r e ;  p r o p e l l a n t  s y s t e m  p r e s s u r e s ,  t e m p e r a t u r e s ,  and 
f low r a t e s ;  eng ine  t e m p e r a t u r e s ;  t e s t  ce l l  p r e s s u r e s ;  c a p s u l e  wa l l  and 
ce l l  a i r  t e m p e r a t u r e s ;  and eng ine  a c c e l e r a t i o n s .  I n s t r u m e n t a t i o n  
l o c a t i o n s  a r e  shown in F ig .  10. 

2.4.1 Axial Force 

Axia l  f o r c e ,  F a, (Fig .  9) was  m e a s u r e d  wi th  a d u a l - b r i d g e ,  s t r a i n -  
g a g e - t y p e  load  ce l l  wi th  a r a t e d  c a p a c i t y  of 50 ,000  lbf .  I n - p l a c e  c a l i -  
b r a t i o n  was  a c c o m p l i s h e d  wi th  a h y d r a u l i c a l l y  ac tua t ed ,  ax i a l  l o a d i n g  
s y s t e m  con ta in ing  a c a l i b r a t i o n  l oad  ce l l  ( F a c a l ,  F ig .  9). The  c a l i b r a -  
t ion  l oad  ce l l  and da ta  l o a d  ce l l  w e r e  l a b o r a t o r y  c a l i b r a t e d  p r i o r  to the  
f i r s t  t e s t  p e r i o d  wi th  t r a c e a b i l i t y  to the  Na t iona l  B u r e a u  of S t a n d a r d s  
(NBS). 

D u r i n g  th i s  t e s t  p r o g r a m ,  the eng ine  g i m b a l  s t i f f  l i n k s  i nc luded  
l oad  c e l l s  to m e a s u r e  the  p i tch  and yaw f o r c e s  n o r m a l l y  r e s t r a i n e d  by 
the a c t u a t o r s .  

2.4.2 Pressures 

C o m b u s t i o n  c h a m b e r ,  p r o p e l l a n t ,  and t e s t  ce l l  p r e s s u r e s  w e r e  
m e a s u r e d  wi th  s t r a i n - g a g e - t y p e  t r a n s d u c e r s .  One of t he  two c h a m b e r  
p r e s s u r e  t r a n s d u c e r s  was c lose  coupled  fo r  i m p r o v e d  r e s p o n s e ,  and 
the o the r  one was  p r o v i d e d  wi th  i n - p l a c e  c a l i b r a t i o n  in  a m a n n e r  wh ich  
p e r m i t t e d  p r e s s u r i z a t i o n  and c o m p a r i s o n  to a s e c o n d a r y  s t a n d a r d  p r e s -  
s u r e  t r a n s d u c e r .  T e s t  ce l l  p r e s s u r e  was a l s o  m e a s u r e d  by two 
c a p a c i t a n c e - t y p e  p r e c i s i o n  p r e s s u r e  t r a n s d u c e r s .  All  t r a n s d u c e r s  
w e r e  l a b o r a t o r y  c a l i b r a t e d  p r i o r  to i n s t a l l a t i o n  fo r  t h i s  t e s t  p r o g r a m  
with traceability to NBS. 
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2.4.3 Temperatures 

Chromel®-Alumel  ® {CA) t h e r m o c o u p l e s  were  used to m e a s u r e  
e x t e r i o r  su r f ace  t e m p e r a t u r e s  of the combust ion  chamber ,  nozzle  
ex tens ion ,  i n j ec to r ,  TCV, p rope l lan t  l i ne s  and tanks ,  t e s t  cel l  wa l l s ,  
and t e s t  cel l  a i r  t e m p e r a t u r e .  In addit ion,  p rope l lan t  t e m p e r a t u r e s  
were  m e a s u r e d  with r e s i s t a n c e  t e m p e r a t u r e  t r a n s d u c e r  (RTT) 
i m m e r s i o n  p robes ,  which were  l a b o r a t o r y  ca l i b r a t ed  with t r a c e a b i l i t y  
to NBS. 

2.4.4 Propellant Flow Rates 

P r o p e l l a n t  flow r a t e  m e a s u r e m e n t  was accompl i shed  with one 
f l owmete r  in each F-3  f ix tu re  p rope l lan t  f eed l ine  u p s t r e a m  of the 
engine in t e r face .  The f l o w m e t e r s  were  t u r b i n e - t y p e ,  ax ia l - f low,  
v o l u m e t r i c  flow s e n s o r s  with two induct ion coil s igna l  g e n e r a t o r s .  
The f l o w m e t e r s  were  ca l i b r a t ed  in place with p rope l l an t s .  The ca l i -  
b ra t ion  t echn iques  a re  p r e s e n t e d  in Ref. 15. 

SECTION III 
PROCEDURE 

3.1 QUALITY ASSURAHCE 

Qual i ty  control  was ma in t a ined  throughout  th is  p r o g r a m  to e n s u r e  
that  p rope r  p r o c e d u r e s  were  used  and documenta t ion  of all  a c t i v i t i e s  
was accompl i shed .  Surve i l l ance  was provided  by AGC, NAR, and 
ARO, Inc. 

3.2 AJI0-137 ENGINE 

Engine  components  sh ipped to AEDC for  t e s t i ng  had p rope l l an t  
and pneumat ic  s y s t e m s  i n t e rna l  s u r f a c e s  in Leve l  I (Ref. 16) c l ean  
condit ion.  Engine S/N 54D was a s s e m b l e d  in the RTF ,  C la s s  10,000, 
Clean Room (Ref. 14). Af ter  comple t ion  of t e s t  per iod  FD, the engine 
was moved f r o m  the t e s t  cel l  to the c lean  room f a c i l i t i e s  for  d i s a s s e m -  
bly and rebu i ld ing  fo r  the next t e s t  p e r i o d .  

All engine a s s e m b l y  was the r e s p o n s i b i l i t y  of AGC. The buildup 
of each engine was conducted by ARO, Inc . ,  under  the s u p e r v i s i o n  of 
AGC eng inee r ing  and qual i ty  cont ro l  pe r sonne l .  Af te r  engine a s s e m b l y  
and documenta t ion  were  comple ted ,  the engine was inspec ted  and 
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a c c e p t e d  by ARO, Inc.  T h i s  eng ine  was  t hen  the  r e s p o n s i b i l i t y  of ARO, 
I n c . ,  un t i l  c o m p l e t i o n  of t e s t i n g .  

L 

P r i o r  to i n s t a l l a t i o n ,  the  ab l a t i ve  t h r u s t  c h a m b e r  was  we ighed ,  
a n d  d i a m e t e r  m e a s u r e m e n t s  of the  t h r u s t  c h a m b e r  t h r o a t  and n o z z l e  
e x t e n s i o n  ex i t  w e r e  m a d e .  The  TCV,  p r o p e l l a n t  l i n e s ,  and t h r u s t  
c h a m b e r  w e r e  l e a k  checked ,  and the  T C V  was  f u n c t i o n a l l y  checked .  
(See Ai~pendix IH fo r  the  T C V  l e a k  check  p r o c e d u r e  and l e a k a g e  r a t e s .  ) 
P r i o r  to t e s t  p e r i o d  F E ,  h e a t e r s  and i n s u l a t i o n  w e r e  i n s t a l l e d  on the  
i n j e c t o r  and p r o p e l l a n t  l i n e s  (Fig .  6). 

3.3 PROPELLANTS 

P r o p e l l a n t  c l e a n l i n e s s  r e q u i r e m e n t s  fo r  t h i s  t e s t  (Ref. 16) s t a t e  
tha t  no p a r t i c l e s  l a r g e r  t h a n  500 m i c r o n s  or  f i b e r s  l a r g e r  t han  1500 
by 50  m i c r o n s  s h a l l  be p r e s e n t  in  the  p r o p e l l a n t s .  T h i s  c l e a n l i n e s s  
r e q u i r e m e n t  was  m e t  in  the  F - 3  f i x t u r e  b e f o r e  e a c h  t e s t  p e r i o d .  

3.4 INSTALLATION 

All t e s t  h a r d w a r e  was  i n s t a l l e d  and a l l  t e s t i n g  a c t i v i t i e s  w e r e  
conduc ted  u s i n g  w r i t t e n  p r o c e d u r e s .  ARO, I n c . ,  qua l i t y  c o n t r o l  v e r i -  
f i c a t i o n  po in t s  w e r e  i n c o r p o r a t e d  in  a l l  a p p l i c a b l e  p r o c e d u r e s ,  and a l l  
p r o c e d u r e s  w e r e  a p p r o v e d  by AGC p r i o r  to i n i t i a t i o n  of the  t e s t  
p r o g r a m .  

D u r i n g  i n s t a l l a t i o n  in the  t e s t  ce l l ,  l e a k  c h e c k s  of the  n o z z l e  
e x t e n s i o n - t o - t h r u s t  c h a m b e r  f l ange  i n t e r f a c e  and the f a c i l i t y  p l u m b i n g  
w e r e  p e r f o r m e d .  Checkou t  of the  i n s t r u m e n t a t i o n  was  p e r f o r m e d .  
The '  p r o p e l l a n t  f l o w m e t e r s  w e r e  c a l i b r a t e d  in the  t e s t  c o n f i g u r a t i o n  
u s i n g  p r o p e l l a n t s  as  the  f lowing  m e d i a ,  and p r o p e l l a n t  s a m p l e s  w e r e  
t a k e n  to v e r i f y  tha t  the  p r o p e l l a n t s  m e t  the  a p p l i c a b l e  s p e c i f i c a t i o n s  
fo r  c l e a n l i n e s s  and c h e m i c a l  a s s a y .  Mock f i r i n g s  w e r e  conduc ted  to 
e n s u r e  tha t  a l l  a u t o m a t i c a l l y  s e q u e n c e d  e v e n t s  o c c u r r e d  and tha t  the  
T C V  o p e r a t e d  s a t i s f a c t o r i l y .  P r o p e l l a n t s  w e r e  pumped  f r o m  the  g r o u n d  
s t o r a g e  t a n k s  to  the  F - 3  f i x t u r e  t a n k s  in  the  t e s t  ce l l  and w e r e  s a m p l e d  
aga in  fo r  c l e a n l i n e s s .  C a l i b r a t i o n s  of a l l  i n s t r u m e n t a t i o n  w e r e  com- 
pleted at ambient atmospheric pressure. Prior to test periods FE and 
subsequently, the propellants and test cell capsule were temperature 
conditioned (see Table II). 
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3.5 TESTING 

The  t e s t  ce l l  was c l o s e d  and e v a c u a t e d  to a p p r o x i m a t e l y  0 .4  p s i a  
u s ing  the  f ac i l i t y  exhaus t  c o m p r e s s o r s .  Al t i tude  c a l i b r a t i o n s  of the  
i n s t r u m e n t a t i o n  w e r e  conduc ted ,  and p r o p e l l a n t s  w e r e  b led  in to  the  
eng ine .  A s t e a m  e j e c t o r  was  then  u s e d  to f u r t h e r  r e d u c e  the  t e s t  ce l l  
p r e s s u r e  to a p p r o x i m a t e l y  0 .04  ps ia ,  and the eng ine  was f i r e d .  

All  f i r i ng  d u r a t i o n s  of 1.1 s e c  or  l e s s  w e r e  c o n t r o l l e d  us ing  the  
AGC f i r i n g  conso l e .  The  l o n g e r  d u r a t i o n  f i r i n g s  w e r e  i n i t i a t e d  and 
shut  down e i t h e r  m a n u a l l y  or  by the  f ac i l i t y  s e q u e n c e r .  The  d e s i r e d  
TCV banks  w e r e  s e l e c t e d  m a n u a l l y  b e f o r e  or  du r ing  the  f i r i ng ,  as  
r e q u i r e d ,  f r o m  the  AGC f i r i n g  conso l e .  All o t h e r  f i r i n g  o p e r a t i o n s  
wi th in  60 s e c  of f i r i n g  i n i t i a t i on  and fo r  60 s e c  a f t e r  shu tdown  w e r e  
c o n t r o l l e d  a u t o m a t i c a l l y  by the f ac i l i t y  s e q u e n c e r .  

Af t e r  e a c h  f i r i ng ,  the  t e m p e r a t u r e s  of the  t e s t  a r t i c l e  w e r e  
r e c o r d e d ,  and a few c r i t i c a l  t e m p e r a t u r e s  w e r e  m o n i t o r e d  in the  
co n t ro l  r o o m .  

Addi t iona l  p r o p e l l a n t  s a m p l e s  fo r  c l e a n l i n e s s  d e t e r m i n a t i o n  and 
add i t iona l  a l t i tude  c a l i b r a t i o n s  w e r e  t aken  a p p r o x i m a t e l y  m i d w a y  
du r ing  e a c h  t e s t  pe r i od .  

Af t e r  the f ina l  f i r i n g  of a t e s t  pe r iod ,  the  i n j e c t o r  and TCV w e r e  
p u r g e d  wi th  GN 2 and t h e n  a s p i r a t e d  at 0 .4  p s i a  fo r  45 m i n .  B e t w e e n  
t e s t  p e r i o d s ,  a t r i c k l e  pu rge  of GN 2 was s u p p l i e d  to the  i n j e c t o r  h e a d e r  
to p r o v i d e  a d ry  gas  b a r r i e r  b e t w e e n  the  a m b i e n t  a t m o s p h e r e  and the 
p r o p e l l a n t  va lve .  

When  the  eng ine  was r e m o v e d  f r o m  the  t e s t  ce l l  a f t e r  t e s t  p e r i o d s  
FD and F J ,  t h r u s t  c h a m b e r  t h r o a t  and n o z z l e  e x t e n s i o n  exi t  d i a m e t e r  
m e a s u r e m e n t s  w e r e  m a d e .  L e a k  c h e c k s  of the  TCV, n o z z l e  e x t e n s i o n  
a t t a c h m e n t  f l ange ,  and t h r u s t  c h a m b e r  w e r e  c o n d u c t e d  b e f o r e  FA and 
a f t e r  FD t e s t  p e r i o d s .  Af t e r  c o m p l e t i o n  of the  t e s t  p r o g r a m ,  the 
ab la t ive  t h r u s t  c h a m b e r  was  we ighed .  

3.6 PERFORMANCE DATA ACQUISITION, REDUCTION, AND ACCURACY 

All p r i m a r y  p e r f o r m a n c e  p a r a m e t e r s  w e r e  r e c o r d e d  c o n t i n u o u s l y  
on m a g n e t i c  t ape  in modt t l a t ed  f r e q u e n c y  f o r m .  Dig i ta l  c o m p u t e r s  w e r e  
u s e d  to d e c o d e  the  m a g n e t i c  tape ,  p r o d u c e  e n g i n e e r i n g  un i t s  da ta  t abu-  
l a t i o n s ,  and compu te  p e r f o r m a n c e  f r o m  the  r e d u c e d  da ta  as fo l lows :  
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1. S t e a d y - s t a t e  eng ine  p e r f o r m a n c e ,  

2. I n c r e m e n t a l  and to ta l  i m p u l s e  du r ing  ign i t ion ,  

3. I n c r e m e n t a l  and to t a l  i m p u l s e  d u r i n g  shutdown,  and 

4. I n c r e m e n t a l  and to ta l  i m p u l s e  fo r  e a c h  i m p u l s e  bi t  
o p e r a t i o n .  

The  equa t ions  u s e d  fo r  eng ine  p e r f o r m a n c e  c a l c u l a t i o n s  w e r e  in  
a c c o r d  wi th  g e n e r a l  s t a n d a r d  p r a c t i c e  wi th  m o d i f i c a t i o n  to accoun t  f o r  
the  a r e a  v a r i a t i o n  of the  ab l a t i ve  c h a m b e r  t h r o a t .  The  c o m b u s t i o n  
c h a m b e r  p r e s s u r e  was  m e a s u r e d  at the  ou te r  edge of the  i n j e c t o r  f ace .  
S t e a d y - s t a t e  p e r f o r m a n c e  c a l c u l a t i o n s  w e r e  m a d e  f r o m  m e a s u r e d  da ta  
which  w e r e  a v e r a g e d  ove r  4 - s e e  t i m e  i n t e r v a l s  fo r  f i r i n g s  of 7 s e c  o r  
l o n g e r  du ra t i on .  

The  e s t i m a t e d  e r r o r s  (two s t a n d a r d  d e v i a t i o n s )  in the  m e a s u r e d  
p a r a m e t e r s  fo r  eng ine  p e r f o r m a n c e  w e r e  d e t e r m i n e d  f r o m  the p r e t e s t  
i n - p l a c e  c a l i b r a t i o n s  and f r o m  the m e t h o d s  ou t l ined  in Re f s .  15 and 17, 
and w e r e  as  fo l lows :  

+ 
Parameter  2 ~  Error  a - ~ e r e e n t  

F a 0 . 3 0  

Pc 0 . 5 0  

0.28 

0.36 

p (cell) 3.70 

The  e s t i m a t e d  e r r o r s  (two s t a n d a r d  dev i a t i ons )  in the  c a l c u l a t e d  
p e r f o r m a n c e  p a r a m e t e r s  w e r e  ob ta ined  by s t a t i s t i c a l l y  c o m b i n i n g  the  
above e r r o r s ,  which  p r o d u c e d  

Parameter  2 ~  Error  a + p e r c e n t  

o.2  

0 . 3 0  

Isp '0.~0 
VRO 
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3.6.1 Ballistic Performance 

N o n u n i f o r m  v a r i a t i o n s  of the  n o z z l e  e f f e c t i v e  t h r o a t  a r e a  d u r i n g  
a f i r i n g  and the i m p o s s i b i l i t y  of m e a s u r i n g  t h r o a t  a r e a  b e t w e e n  f i r i n g s  
du r ing  a p a r t i c u l a r  t e s t  p e r i o d  n e c e s s i t a t e d  c a l c u l a t i o n  of c h a r a c t e r -  
i s t i c  v e l o c i t y  (c~) us ing  the fo l lowing  a s s u m p t i o n s :  

. 

. 

C h a r a c t e r i s t i c  ve loc i ty ,  c o r r e c t e d  to a m i x t u r e  r a t i o  
of 1 .6 ,  is cons t an t  fo r  a p a r t i c u l a r  i n j e c t o r  and c h a m -  
b e r  combina t i on .  

C h a r a c t e r i s t i c  v e l o c i t y  is a func t ion  of m i x t u r e  r a t i o ,  
p r o p e l l a n t  t e m p e r a t u r e ,  and c o m b u s t i o n  c h a m b e r  
p r e s s u r e .  

The  in i t i a l  c h a r a c t e r i s t i c  v e l o c i t y  (c~i) f o r  a g iven  i n j e c t o r  and 
c h a m b e r  c o m b i n a t i o n  was c a l c u l a t e d  u s ing  (1) the  m e a s u r e d  da ta  
f r o m  2 to 6 s e c  of the  in i t i a l  f i r i n g  of a new  c h a m b e r ,  (2) the  p r e t e s t  
m e a s u r e d  n o z z l e  t h r o a t  a r e a ,  and (3) the  r e l a t i o n s h i p ,  

c*i = Pc At ge./~'vt 

The c~ for nominal operating conditions (nora) of O/F = i. 6, propellant 
temperature of 70°F, and a combustion chamber pressure of 99 psia 
was derived using the following empirical equation supplied by AGC: 

e*noal = c~ i + 870.5(1.6-(0/F)) ~ 273.83 ((0,."I?)2-2.56) 

+ 0.31878 (Pc - PCnom ) -- 12.953 (Tp-70) 

+ 0.07414 (Tp 2 - 4900) + 5.466 ((O/F) "Tp - 112) 

-0.03119 ((O/F)"l'p 2 - 7840) 

This c;:'no m was retained as representative of the given injector/chamber 
assembly and was used in data reduction for the remainder of the assem- 
bly testing. The actual c'~ for any conditions other than nominal oper- 
ating conditions during subsequent firings was derived by reversing the 
process and applying the actual inlet conditions correction to the stand- 

ard c':-'no m. 

The  t h r o a t  a r e a  of the  n o z z l e  fo r  s u b s e q u e n t  f i r i n g s  was  c a l c u l a t e d  
u s ing  the  c~ d e r i v e d  above,  the m e a s u r e d  c h a m b e r  p r e s s u r e ,  and the  
m e a s u r e d  p r o p e l l a n t  f low r a t e s  in the  r e l a t i o n s h i p :  

---- C* " At calc wt/gcPc 
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The  m e a s u r e d  ax ia l  t h r u s t  was  c o r r e c t e d  to v a c u u m  cond i t i ons  u s i n g  
m e a s u r e d  t e s t  ce l l  p r e s s u r e  as  fo l lows :  

F v a  c ffi F a + p ( c e l l ) .  A e 

Thi s  v a c u u m  t h r u s t  was  u s e d  wi th  c a l c u l a t e d  n o z z l e  t h r o a t  a r e a  and  
m e a s u r e d  c h a m b e r  p r e s s u r e  to d e t e r m i n e  v a c u u m  t h r u s t  c o e f f i c i e n t  
as  fo l lows :  

C F ffi Fvac/P c • A t vac c8]c 

o r  wi th  s u b s t i t u t i o n  f o r  F v a  c and Atca l c :  

CFvac = IsPva c" gc/C* 

T h u s ,  C F v  is  no l o n g e r  a d i r e c t  func t ion  of the  r a t i o  F v a c / P c  and is ac  
not  c o n s i d e r e d  a m e a n i n g f u l  m e a s u r e m e n t  of n o z z l e  p e r f o r m a n c e  b e -  
c a u s e  of the v a r i a t i o n  of t h r o a t  a r e a .  

3.6.2 Ignition and Shutdown Transient Performance Data 

T r a n s i e n t  p e r f o r m a n c e  da t a  w e r e  o b t a i n e d  u s i n g  the  AEDC T r a n -  
s i e n t  I m p u l s e  C o m p u t e r  P r o g r a m  RDR-38  to d e t e r m i n e  the  m a g n i t u d e  
and r e p e a t a b i l i t y  of the  i m p u l s e  a s s o c i a t e d  wi th  the  t r a n s i e n t  p o r t i o n s  
of the  eng ine  f i r i n g s  ( s t a r t  and shutdown) .  

The  to t a l  i m p u l s e  of the  s t a r t  t r a n s i e n t  c o v e r e d  the  t i m e  p e r i o d  
f r o m  ign i t ion  ( c h a m b e r  p r e s s u r e  2 1 ps ia)  to 100 p e r c e n t  of s t e a d y -  
s t a t e  v a c u u m  t h r u s t .  T h e  i m p u l s e  was  d e r i v e d  u s i n g  the  v a c u u m  t h r u s t  
c o e f f i c i e n t  (not c o r r e c t e d  to s t a n d a r d  in l e t  cond i t i ons ) ,  t h r o a t  a r e a ,  and 
m e a s u r e d  c h a m b e r  p r e s s u r e  in the  r e l a t i o n s h i p :  

~ t  A t2 I t = CFvacAt Pc at 

The  v a l u e s  of C F v a c  and A t fo r  the  i gn i t i on  and s h u t d o w n  t r a n s i e n t s  
w e r e  input  f r o m  the  s t e a d y - s t a t e  p e r f o r m a n c e  at p e r i o d  1 and p e r i o d  2, 
r e s p e c t i v e l y ,  as  s h o w n  be low and w e r e  a s s u m e d  c o n s t a n t  t h r o u g h o u t  the  
t r a n s  len t .  

Firi~Duratlon a sec 

i0 
23 

P e r i o d  i a s e c  

FSl +4 to FSI +8 
FS1 + 6 to FS1 + i0 

Period 2 a seo 

FS2 - 4 to FS2 
FS~ - 4 to F S 2  

The total impulse of the shutdown transient was calculated in a 
similar manner except that the integral covered the time period from 
the shutdown signal to 0.3-psia chamber pressure. 
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S t e a d y - s t a t e  p e r f o r m a n c e  was  not  c a l c u l a t e d  fo r  f i r i n g s  of l e s s  
than  7 - s e c  du ra t ion .  F o r  t h e s e  s h o r t  f i r i n g s ,  the  va lues  of C F v a c  
and At w e r e  ob ta ined  f r o m  the  s t e a d y - s t a t e  p e r f o r m a n c e  s u m m a r y  
of the  f i r i ng  conduc t ed  n e a r e s t  the t r a n s i e n t  of i n t e r e s t  at the  s a m e  
o p e r a t i n g  cond i t ions  (Pc, O / F ,  and va lve  bank).  

I n t e r m e d i a t e  i m p u l s e  v a l u e s  of the  s t a r t  and shu tdown t r a n s i e n t s  
w e r e  a l so  d e r i v e d  at 1 0 - p e r c e n t  i n t e r v a l s  of s t e a d y - s t a t e  c h a m b e r  
p r e s s u r e  up to the  1 0 0 - p e r c e n t  l e v e l .  The  d ig i t a l  c o m p u t e r  p r o g r a m  
was u s e d  to ca l cu l a t e  the t i m e  at wh ich  the p e r c e n t a g e  t h r u s t  l e v e l s  
o c c u r r e d ,  the  t h r u s t  r i s e  o r  d e c a y  r a t e s ,  and the  i n t e g r a t e d  i m p u l s e  
at the  s p e c i f i e d  p e r c e n t a g e  l e v e l s  of s t e a d y - s t a t e  c h a m b e r  p r e s s u r e .  

M e a s u r e d  c o m b u s t i o n  c h a m b e r  p r e s s u r e  of the ign i t ion  t r a n s i e n t  
was r e d u c e d  at 0. 0 0 5 - s e c  i n t e r v a l s  (200 i n t e r v a l s / s e c )  f r o m  the  m a g -  
ne t i c  t ape  da ta  r e c o r d s  ob ta ined  f r o m  both  l o w - r a n g e  and f u l l - r a n g e  
c h a n n e l s  ob ta ined  f r o m  a s i n g l e  c l o s e - c o u p l e d  c h a m b e r  p r e s s u r e  
t r a n s d u c e r .  Shutdown c o m b u s t i o n  c h a m b e r  p r e s s u r e  was  r e d u c e d  at 
0 . 0 2 - s e c  i n t e r v a l s  (50 i n t e r v a l s / s e c ) .  The  c l o s e - c o u p l e d  l o w - r a n g e  
c h a m b e r  p r e s s u r e  t r a n s d u c e r  da ta  w e r e  u s e d  fo r  i n c r e a s e d  a c c u r a c y  
at p r e s s u r e s  be low 12 ps ia .  

B e g i n n i n g  with the  F F  t e s t  pe r iod ,  t h e r e  w e r e  no f i r i n g s  of suf -  
f i c i en t  d u r a t i o n  to ca l cu l a t e  s t e a d y - s t a t e  p e r f o r m a n c e  unt i l  f i r i n g  
F J - 3 6  ( las t  f i r i n g  of FJ  t e s t  pe r iod ) .  The v a l u e s  of CFvac  and A t 
c a l c u l a t e d  f r o m  the  m e a s u r e d  da ta  of F J - 3 6  w e r e  u s e d  to d e r i v e  the  
ign i t ion  and the shu tdown  i m p u l s e  fo r  the  FF ,  FG, FH, and FJ  t e s t  
p e r i o d  f i r i n g s .  

3.6.3 Impulse Bit }';rings 

The method used to calculate the total impulse of the impulse bit 
firings (duration < 1 sec) was identical to the method used for the 
ignition and shutdown transients except the impulse was totaled for the 
entire firing from ignition through thrust decay to Pc = 0.3 psia. Since 
the impulse bit firings were too short to establish steady-state engine 
performance, CFvac and A t were obtained from the nearest steady- 

state firing at the same engine operating conditions (Pc, O/F, and valve 
bank selection). 

Beginning with FF test period, there were no performance firings 
(duration _> 7 sec) made until the last firing in the FJ test period 
(FJ-36). The throat area was measured after FJ-36, and the meas- 
urement was used to calculate steady-state performance for this firing. 

14 



AEDC-TR-68-178 

The va lues  of CFva~ and A t used  to r educe  the impu l se  bit  f i r i n g s  for  
the F F  th rough  the ~ J  t e s t  pe r iods  were  obtained f r o m  the f inal  s t e a d y -  
s ta te  p e r f o r m a n c e  s u m m a r y  per iod  of f i r ing  FJ -36  (FS1 + 6 to FS1 + 
I0 sec). 

The total  p rope l l an t  quant i ty  for  impu l se  bi t  opera t ion  was d e t e r -  
mined  f r o m  total  f l o w m e t e r  s igna l  cyc le s  ( r e c o r d e d  on magne t i c  tape) 
and the f l o w m e t e r  ca l i b r a t i on  fac to r  cons tant  for  the n o r m a l  f low r a t e  
range .  Tota l  quant i ty  would be somewhat  in e r r o r  by neg lec t ing  the 
f l o w m e t e r  t r a n s i e n t  c h a r a c t e r i s t i c s  and low flow r a t e  n o n l i n e a r i t i e s ,  
but it was thought that  the consequent  d i s c r e p a n c i e s  would not be suf-  
f i c ien t  to de t r ac t  f r o m  the s ign i f i cance  of the c h a r a c t e r i s t i c s .  

SECTION IV 
RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

This  t e s t i ng  was conducted to qual i fy  the Mod I -C  b ip rope l l an t  
valve  in s i m u l a t e d  s e r v i c e  condi t ions for  s p a c e c r a f t  use  ( tes t  pe r iods  
FA th rough  FD, Table  I) and to inves t iga te  the r e f r i g e r a t i o n  ef fec ts  of 
pos t f i r e  evapora t ion  of p rope l l an t  r e s i d u a l s  in the in j ec to r  ( tes t  pe r iods  
F F  through  FJ ,  Tab le s  I and II). Documenta t ion  included the engine  
t r a n s i e n t  c h a r a c t e r i s t i c s  as inf luenced by the Mod I -C  valve and the off- 
des ign  t e s t  condi t ions .  P ro to type  e l e c t r i c  s t r i p  h e a t e r s  for  the p rope l -  
lant  l i nes  and i n j ec to r  were  t e s t ed  ( tes t  pe r iods  FF ,  FG, and FtD to 
eva lua te  t h e i r  engine  w a r m i n g  capabi l i ty .  Engine  p e r f o r m a n c e  was 
computed f r o m  m e a s u r e d  data f r o m  f i r i n g s  which were  of su f f i c i en t  
dura t ion  to provide  s t e a d y - s t a t e  engine opera t ion .  

Th i s  r e p o r t  r e v i e w s  the t e s t  r e s u l t s  obta ined and p rov ides  a com-  
p a r i s o n  of t h e s e  r e s u l t s  with engine spec i f i ca t ion  r e q u i r e m e n t s  and 
r e s u l t s  of p rev ious  t es t ing .  

4.2 MOD I-C BIPROPELLANT VALVE TESTS 

Biprope l l an t  va lve  S/N 128 was in s t a l l ed  on engine S/N 54 in the 
R T F  c lean  room fol lowing p r e i n s t a l l a t i o n  bench p r e s s u r e / l e a k  t e s t s .  
The p r e i n s t a l l a t i o n  t e s t s  ve r i f i ed  that  the va lve  had not i n c u r r e d  any 
d e t e r i o r a t i o n  in t r a n s i t  f r om the engine m a n u f a c t u r e r .  

P r e s s u r e / l e a k  t e s t s  of the b ip rope l l an t  va lve  were  a l so  made  
with the va lve  and i n s t r u m e n t a t i o n  i n s t a l l ed  on the engine before  the 
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eng ine  was  m o v e d  to the  t e s t  ce l l .  As shown in T a b l e  III, the  l e a k a g e s  
d e t e c t e d  in t h e s e  t e s t s  w e r e  w i th in  the s p e c i f i e d  l i m i t s  f o r  a c c e p t a n c e  
excep t  fo r  the  u p s t r e a m  s e a l  of o x i d i z e r  ba l l  No. 4. 

The  eng ine  was  r e m o v e d  f r o m  the t e s t  cel l  a f t e r  t e s t  p e r i o d  FD,  
which  c o m p l e t e d  the  po r t i on  of t e s t i n g  p r e s c r i b e d  fo r  va lve  c e r t i f i c a -  
t ion.  The  va lve  had been  ac tua t ed  u n d e r  s e r v i c e  cond i t ions  fo r  40 t e s t  
f i r i n g s  as  shown  in T a b l e  I, p lus  a to ta l  of four  a c t u a t i o n  c y c l e s  of both 
banks  fo r  p r e t e s t  func t iona l  c h e c k s  and p o s t t e s t  p r o p e l l a n t  p u r g e s .  
The va lve  s e a l  l e a k a g e  m e a s u r e m e n t s  a f t e r  t e s t  p e r i o d  FD showed  
e x c e s s i v e  l e a k a g e  of the u p s t r e a m  s e a l s  of o x i d i z e r  b a l l s  No. 1, 2, and 
4 and the d o w n s t r e a m  s e a l  of o x i d i z e r  ba l l  No. 1 (Tab le  III). Al though  
s o m e  of the  ba l l  s e a l s  e x c e e d e d  the  s / l owab le  l e a k a g e ,  i t  shou ld  be no ted  
tha t  in no c a s e  did a l l  four  s e a l s  of e i t h e r  o x i d i z e r  b o r e  l e a k  e x c e s s i v e l y .  

The  o x i d i z e r  ba l l  shaf t  s e a l  l e a k a g e s  w e r e  e x c e s s i v e  a f t e r  t e s t  
p e r i o d  FD (Tab le  III). T h e s e  l e a k a g e s  m i g h t  have  had  s e r i o u s  c o n s e -  
q u e n c e s  in a f l igh t  s i t u a t i o n  if p r o p e l l a n t s  p r o c e e d e d  into the  c e n t r a l  
m e c h a n i s m  cav i ty  of the va lve  body; t h e r e f o r e ,  the  S /N 128 v a l v e  was  
r e t u r n e d  to the eng ine  m a n u f a c t u r e r  f o r  f u r t h e r  a n a l y s i s  and eva lua t ion .  
The  d e t e r i o r a t i o n  of the  sha f t  s e a l s  was  a p p a r e n t l y  the  r e s u l t  of a d e s i g n  
d e f i c i e n c y .  

B i p r o p e l l a n t  va lve  S /N  DV-2 ( r ebu i l t  as  a Mod I-C)  was  i n s t a l l e d  
on the eng ine  to p e r m i t  c o m p l e t i o n  of the  p r o g r a m m e d  o f f - d e s i g n  t e s t -  
ing,  a l though  c e r t a i n  ba l l  s e a l  and sha f t  s e a l  l e a k a g e s  w e r e  a l r e a d y  
e x c e s s i v e  p r i o r  to t e s t  p e r i o d  F E .  It is  i n t e r e s t i n g  to no te  tha t  fou r  
d o w n s t r e a m  and n e a r l y  a l l  u p s t r e a m  ba l l  s e a l s  i m p r o v e d  wi th  use ;  
d e t e r i o r a t i o n  o c c u r r e d  only in two d o w n s t r e a m  s e a l s  (Table  IV). T h i s  
va lve  was a l s o  r e t u r n e d  to the  eng ine  m a n u f a c t u r e r  fo r  e v a l u a t i o n  
b e f o r e  c o m p l e t i o n  of a l l  p o s t t e s t  p r e s s u r e / l e a k a g e  t e s t s  at AEDC. 

P o s t t e s t  i n s p e c t i o n  of the  two b i p r o p e l l a n t  v a l v e s  r e v e a l e d  n i t r a t e  
s a l t  d e p o s i t s  in  bo th  v a l v e s  in the  in l e t  and d i s c h a r g e  p o r t s .  Only  
t r a c e s  of depos i t s  w e r e  no ted  in va lve  S /N  DV-2 .  It was  conc luded  
tha t  the  e x c e s s i v e  l e a k a g e s  of the va lve  S /N  128 ba l l  s e a l s  w e r e  p r o b -  
ably  the r e s u l t  of s e a l  a b r a s i o n  by p r e c i p i t a t e d  s a l t  p a r t i c l e s .  

4.3 POSTFIRE PROPELLANT EVAPORATION/REFRIGERATION EFFECTS 

The e f f ec t s  of p o s t f i r e  p r o p e l l a n t  e v a p o r a t i o n  on the eng ine  i n j e c t o r  
t e m p e r a t u r e  ( i n v e s t i g a t e d  in t e s t  p e r i o d s  F F  t h r o u g h  FJ)  a r e  shown  by 
the t e m p e r a t u r e  c h a r a c t e r i s t i c s  of the i n j e c t o r  dep ic t ed  in F ig .  11 f o r  
a t y p i c a l  s h o r t  f i r i n g  (0 .35  sec)  and the s u c c e e d i n g  coas t  pe r iod .  
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P r e f i r e  t e m p e r a t u r e  of p r o p e l l a n t s  and t e s t  ce l l  wa l l s  to 30°F ( see  
Tab le  II) w e r e  u s e d  to d e t e r m i n e  the  p o s s i b l e  m i n i m u m  t e m p e r a t u r e  
in the  i n j e c t o r  which  m i g h t  r e s u l t  in f r o z e n  p r o p e l l a n t s .  

The  a r e a  of the  i n j e c t o r  that  b e c a m e  the co lde s t  du r ing  th is  
coas t  p e r i o d  was l o c a t e d  n e a r  the o x i d i z e r  h e a d e r  c o n n e c t i o n  wh ich  
is an a r e a  of r e l a t i v e l y  s m a l l  m a s s  ( thin wal l  s e c t i o n s )  e x p o s e d  to 
e v a p o r a t i o n  of the r e l a t i v e l y  l a r g e  bulk quant i ty  of o x i d i z e r  l e a v i n g  
the h e a d e r .  Th is  can be s e e n  by a c o m p a r i s o n  of the  v a r i o u s  t e m -  
p e r a t u r e s  shown in Fig.  11. This  f i g u r e  a l so  shows  that  the  po r t i on  
of the i n j e c t o r  n e a r  the  o x i d i z e r  h e a d e r  i n c u r r e d  a 9°F t e m p e r a t u r e  
r e d u c t i o n  f r o m  p r o p e l l a n t  evapo ra t i on .  

Al so  shown in Fig.  11, c e r t a i n  of the t e m p e r a t u r e s  g e n e r a l l y  
r e a c h e d  a bo t tom twice .  The  f i r s t  m i n i m u m  was s h o r t l y  a f t e r  the  
f i r i ng  (3 to 28 sec ) ,  a f t e r  which  the  t e m p e r a t u r e  r o s e  s l i gh t l y  and 
then  d ropped  to the  s e c o n d  m i n i m u m  at v a r i o u s  t i m e s  l e s s  than  300 s e c  
a f t e r  the  f i r ing .  The  t e m p e r a t u r e s  which  r e a c h e d  the  l o w e s t  l e v e l s  did 
so in the  s h o r t e s t  t i m e s .  The  l o w e s t  t e m p e r a t u r e s  a f t e r  any f i r i n g  
w e r e  b e t w e e n  16 and 18°F fo r  both the  l o c a t i o n s  n e a r  the  o x i d i z e r  
h e a d e r  and o c c u r r e d  du r ing  t e s t  p e r i o d  FJ .  In all  c a s e s ,  the  t e m p e r a -  
t u r e s  r e a c h e d  a m i n i m u m  b e f o r e  the  end of the  coas t  i n t e r v a l  b e t w e e n  
f i r i n g s  and w e r e  r i s i n g  s t e a d i l y  p r i o r  to the  next  f i r ing .  

T e s t  p e r i o d s  FG, FH, and FJ  inc luded  m u l t i p l e  s h o r t  f i r i n g s  
(0 .35  sec ,  s e e  Tab le  I) wi th  s h o r t  coas t  i n t e r v a l s  of 8, 4, and 6 rain,  
r e s p e c t i v e l y .  Th i s  p r o c e d u r e  was  u s e d  to m i n i m i z e  c o m b u s t i o n  h e a t -  
ing, to d e t e c t  any c u m u l a t i v e  coo l ing  ef fec t ,  and to a t t e m p t  to def ine  
an " o p t i m u m "  coas t  i n t e r v a l  wh ich  would p r o d u c e  the  l o w e s t  i n j e c t o r  
t e m p e r a t u r e s .  Al though in su f f i c i en t  t e s t i n g  was done to de f ine  the  
o p t i m u m  coas t  i n t e r v a l ,  Fig.  12 shows  the  c u m u l a t i v e  coo l ing  of a 
s e r i e s  of s h o r t  f i r i n g s .  The  t e s t s  conduc ted  r e s u l t e d  in m i n i m u m  
i n j e c t o r  t e m p e r a t u r e s  of about 18°F, and the  c h a r a c t e r i s t i c s  of the  
g r a p h s  in F igs .  11 and 12 i nd i ca t e  that  s h o r t e r  coas t  i n t e r v a l s  could  
p r o d u c e  l o w e r  t e m p e r a t u r e s .  ~ 

A typ ica l  c h a m b e r  p r e s s u r e  and t e s t  ce l l  p r e s s u r e  h i s t o r y  fo l low-  
ing eng ine  shu tdown is p r e s e n t e d  in Fig .  13. T h r u s t  c h a m b e r  p r e s s u r e  
and t e s t  ce l l  p r e s s u r e  b e c a m e  equa l  a p p r o x i m a t e l y  3 .5  s e c  a f t e r  the  
eng ine  shu tdown s igna l .  A l so  shown a r e  the  p r e s s u r e  d e c a y  c u r v e s  fo r  
the  o x i d i z e r  and fuel  h e a d e r s .  The  fuel  h e a d e r  p r e s s u r e  g e n e r a l l y  fo l -  
l owed  the c h a m b e r  p r e s s u r e  decay  c u r v e ,  but the  o x i d i z e r  h e a d e r  p r e s -  
s u r e  was  1 to  2 p s i a  above c h a m b e r  p r e s s u r e  fo r  about 5 s e c  a f t e r  the  
shu tdown s igna l .  S ince  the  ce l l  p r e s s u r e  decay  was f a i r l y  r ap id ,  c h a m -  
b e r  p r e s s u r e  a l so  d e c r e a s e d  r ap id ly .  H o w e v e r ,  a f t e r  the  c h a m b e r  
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t h r o a t  b e c a m e  unchoked  and the  fuel  and o x i d i z e r  h e a d e r  p r e s s u r e s  and 
ce l l  p r e s s u r e  b e c a m e  equal ,  the  e v a p o r a t i v e  coo l ing  was  a func t ion  of 
t e s t  ce l l  p r e s s u r e ,  which  is  not i n d i c a t i v e  of that  coo l ing  which  would  
o c c u r  at h i g h e r  v a c u u m s .  

4.4 ENGINE TRANSIENT CHARACTERISTICS 

4 . 4 . 1  I g n i t i o n  T r a n s i e n t  C h a r a c t e r i s t i c s  

The total impulse (Ibf-sec) developed during the engine ignition 
transients was determined for test firings with duration greater than 
I see by the method described in Section 3.6.2. A tabulation of the 
impulse developed from ignition to 90 percent of steady-state thrust 
appears in Table V. A summary of the average impulse from ignition 
to 90 percent of steady-state chamber pressure at the various propel- 
lant temperatures is presented below: 

Pe ~a~e~ 
Tt~ TCV Level, P ~ _ t  
s/~ ~ psla Temp., 

Specifica- 
tion Values ~ 

1 2 8  A 99 

A 

B 99 

AB 99 

A or B 110 

DV-2 AB 106 

7o_+1o 

7o_+1o 

FSI to ~O-~e~ent StMav-State ~--~er Pressure 
1%an-to-Rim Run-to-Run 

Impulse, Deviation, lu, Time, Deviat£o~, lu, 
lbf-seo rDE-see p e r c e n t  sec see ~ercent 

350-850 _+L~O - 0.475-0.675 - 

6O6 +39 4O.OO6 
-80 +7.7 0.638 _40.85 -0.008 

+33 +1.1.1 0.639 +0.017 +i. 50 
-1.11 - - 0 . 0 0 7  - 

6~T +7~ _+11.9 o.6o2 4o. 0o5 4o. 
-171 -o.o12 - 

377 +35 ..~.1 o.5~ ~.oo9 +1.o3 
-91 -o. o12 - 

1o63 +i~ -117 +11.o o.6~3 ,o.(~7 ~.~o 
- -O.0eT - 

~9 +18.5 o.581 ~.o55 ~.50 -76 - -o.o~ - 

Refer°nee 16 

The t r a n s i e n t  s p e c i f i c a t i o n  v a l u e s  a r e  f r o m  the  Advance  Change  No t i ce  
No. 5 of Ref.  16 and a r e  app l i cab l e  to d u a l - b o r e  eng ine  o p e r a t i o n  only  
at s t a n d a r d  in le t  cond i t i ons  (i. e . ,  p r e f i r e  i n t e r f a c e  p r e s s u r e  of 
178 ± 4 p s i a  and 70 ± 10°F t e m p e r a t u r e  p r o p e l l a n t s ) .  Since m a n y  of 
the t e s t s  w e r e  conduc t ed  wi th  30 and 110°F p r o p e l l a n t s ,  the  a v e r a g e  
da ta  w e r e  g r o u p e d  by t a r g e t  c h a m b e r  p r e s s u r e s  and p r o p e l l a n t  t e m -  
p e r a t u r e s  fo r  da ta  a n a l y s i s .  

The  a v e r a g e  i m p u l s e  v a l u e s ,  r u n - t o - r u n  d e v i a t i o n s ,  and the  t i m e s  
f r o m  FS1 to 90 p e r c e n t  of s t e a d y - s t a t e  c h a m b e r  p r e s s u r e  w e r e  w i th in  

18 



AEDC-TR-68-178 

spec i f ied  l i m i t s  for  valve  S/N 128 at s t anda rd  in le t  condi t ions for  both 
s ing l e -  and dua l -bore  opera t ion .  The ave rage  igni t ion impulse  for  
s i n g l e - b o r e  opera t ion  with p rope l l an t s  at 110°F was 1063 l b f - s e c .  
Data were  ava i lab le  f rom only one dua l -bore  opera t ion  with p rope l l an t s  
at l l 0 ° F  (FD-29),  and the r e s u l t i n g  impulse  f r o m  FS1 to 90 pe rcen t  
of s t e a d y - s t a t e  chambe r  p r e s s u r e  was 1083 l b f - s e c .  

The ave rage  igni t ion impulse  obtained us ing valve S/N DV-2 in 
dua l -bore  opera t ion  with p rope l l an t s  at 30°F was 312 l b f - s e c .  

The t ime  f rom FS1 to igni t ion ( ini t ial  Pc r i s e )  d e c r e a s e d  with 
i n c r e a s i n g  p rope l lan t  t e m p e r a t u r e s  as ind ica ted  in Fig.  14 (approxi-  
m a t e l y  1 m s e c / ° F ) .  

It should be noted that  the a b n o r m a l l y  l a r g e  igni t ion  impu l se  
obtained during FB 2 (Table V) was a consequence  of the poor p r e f i r e  
p rope l lan t  b l eed - in  which a b n o r m a l l y  pro longed the c h a m b e r  p r e s s u r e  
r i s e .  

Typ ica l  t h r u s t  and impulse  data  f rom igni t ion t r a n s i e n t s  for  s i ng l e -  
and dua l -bore  ope ra t ions  a re  shown in Fig.  15. Dua l -bo re  opera t ion  is 
shown to produce the e a r l i e s t  and mos t  r ap id  advance to full  t h rus t .  
S ing le -bo re  opera t ion  produces  the g r e a t e s t  t r a n s i e n t  impulse  by the 
l onge r  t ime  in t e rva l  to full  t h rus t .  

4.4.2 Effect of Cold Propellants on Ignition Characteristics 

Average  t h r u s t  r i s e  r a t e s  were  ca lcu la ted  us ing  c h a m b e r  p r e s s u r e  
data  r i s e  r a t e  conver ted  to t h r u s t  ( lb f / sec)  by mul t ip ly ing  by CFA t. 
Average  r i s e  r a t e  at 90 pe rcen t  of s t e a d y - s t a t e  v e r s u s  p rope l l an t  t e m -  
p e r a t u r e  for  dua l -bo re  valve opera t ion  is p r e s e n t e d  in Fig.  16. In 
gene ra l ,  l ower  propel lan t  and engine t e m p e r a t u r e s  r e s u l t e d  in g r e a t e r  
r i s e  r a t e s ;  the ave rage  r i s e  r a t e  obtained with 30°F p rope l l an t s  was 
a p p r o x i m a t e l y  760,000 l b f / s e c  compared  with the a p p r o x i m a t e l y  
200,000 l b f / s e c  with l l 0 ° F  p rope l l an t s .  

Several firings exhibited rise rates considerably greater than 
average during portions of the ignition transient. For example, test 
FG-26 with p rope l lan t  and h a r d w a r e  t e m p e r a t u r e s  of 60 and 30°F, 
r e s p e c t i v e l y ,  had a rap id  c h a m b e r  p r e s s u r e  r i s e  a p p r o x i m a t e l y  four  
t i m e s  the ave rage  r a t e  up to 70 pe rcen t  of the s t e a d y - s t a t e  leve l .  
Thus ,  the cold h a r d w a r e  s e rv ing  to chil l  the in i t ia l  p rope l lan t  charge  
s e e m s  to be a con t ro l l ing  inf luence of the igni t ion c h a r a c t e r i s t i c .  The 
t ime  f r o m  FS1 to igni t ion for  t e s t  FG-26 was 0. 488 sec  compared  with 
the ave r age  t ime  of 0. 479 sec  for  al l  the f i r i ngs  in th is  per iod .  The 
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va lve  ac tua t ion  t i m e s  du r ing  t e s t  FG-26  w e r e  n o r m a l  excep t  f o r  the  
upstream-oxidizer/downstream-fuel ba l l s  s e t  of bank B, wh ich  
r e a c h e d  f u l l - o p e n  a p p r o x i m a t e l y  0 .02  s e c  e a r l i e r  than  usua l ;  how-  
e v e r ,  it is not  the se t  of c o n t r o l l i n g  v a l v e s  and c o n s e q u e n t l y  shou ld  
have  had  l i t t l e  i n f luence  on the  c h a m b e r  p r e s s u r e  r i s e  r a t e .  

T e s t s  F F - 1 0 ,  F F - 1 2 ,  and F J - 3 6  all  e x h i b i t e d  v a r y i n g  d e g r e e s  of 
d i s c o n t i n u i t y  in the  ign i t ion  c h a m b e r  p r e s s u r e  p r o f i l e s  as  i n d i c a t e d  
in Fig .  17. The  in i t i a l  c h a m b e r  p r e s s u r e  r i s e  r a t e  was  f a s t e r  than  
u sua l  up to 20 to 35 p.sia, d e c a y e d  by 4 to 10 ps ia ,  and then  r e c o v e r e d  
and con t inued  t o w a r d  the  s t e a d y - s t a t e  l e v e l  at a s l o w e r  than  a v e r a g e  
r a t e .  The  va lve  ac tua t ion  t i m e s  of the  c o n t r o l l i n g  se t  of ba l l  v a l v e s  
fo r  f ive  f i r i n g s  and the  a v e r a g e  t i m e  fo r  t h e s e  t e s t s  a r e  c o m p a r e d  wi th  
the  a v e r a g e  t i m e  fo r  60°F p r o p e l l a n t  t e m p e r a t u r e s  as fo l lows :  

FB1 t;o FS1 ~o 1~2 t o  1~2 tm 
P x o l ~ l l ~ t  Z n t t l ~ l  ~ Ojpeat~ T - i t ~ l  ~ QEostn8 

Test  ]1o. Z e ~ . .  cT ~ Ope;. ,ee Time I see Closer see (:~ose I see ~.me I s e e  

n'-op 3o15 o .~o  z.o50 o.93.o o. 11.o o. 38o o.97o 

n'-o6 3o~ o.].3p 1.2oo ].. o6p o.13o o.~7o o. ~ o  

n'-zo 3o~ o.z3p ]..ogp o.96o o.z6o o.b,8p o.325 

w - ~  3o~ o .~o  ",.zoo o.96o o.',8o o.~ 80 o. 3oo 

FZ-36 30_'.'.'~ O.].pO Z.OTO o.5~o o.z.7o o. 53o o. 360 

AVg • 

~ t s  3o.@ o.z38 z.a~ o.88~ o.~53 o.b,78 o. 325 

Avg. 
z~.~ 6o+_.3 o.].k3 o.9o7 o . ~  o.',73 o. poo o. 391' 

As indicated, all five of these firings had opening times for the con- 
t r o l l i n g  bal l  which  w e r e  g r e a t e r  than  the  a v e r a g e  t i m e ;  thus  the  
t r a n s i e n t  p r o p e l l a n t  f low r a t e  m a y  have  b e e n  i n su f f i c i en t  to m a i n t a i n  
the  in i t i a l  Pc r i s e  r a t e .  A r e v i e w  of va lve  ba l l  pos i t i on  t r a c e s  on 
o s c i l l o g r a p h  da ta  a l so  i n d i c a t e d  d i s c o n t i n u i t i e s  in the r a t e  of bal l  
t r a v e l  of t e s t s  F F - 0 6 ,  -08,  -10,  and -12 and F J - 3 6  such  as shown  
in Fig .  18. Th i s  was m o s t  n o t i c e a b l e  du r ing  t e s t s  F F - 1 0 ,  F F - 1 2 ,  
and F J - 3 6 ,  which  w e r e  the  ign i t ions  wh ich  e x h i b i t e d  d i s c o n t i n u i t i e s  
in the  c h a m b e r  p r e s s u r e  p r o f i l e s .  Both  GN 2 s t o r a g e  s p h e r e  and 
r e g u l a t e d  ac tua t i on  p r e s s u r e s  w e r e  n o r m a l  du r ing  t e s t s  F F - 0 6  and 
FF-08. .  R e g u l a t e d  ac tua t i on  p r e s s u r e  da ta  a r e  not ava i l ab l e  f o r  t e s t s  
F F - 1 0  and F F - 1 2 ,  but s t o r a g e  s p h e r e  p r e s s u r e s  w e r e  n o r m a l .  Also ,  
s p h e r e  p r e s s u r e s  w e r e  1930 and 1160 ps i a  f o r  banks  A and B, r e s p e c -  
t i ve ly ,  a f t e r  t e s t  F J - 3 6 ,  and r e g u l a t e d  ac tua t ion  p r e s s u r e  f o r  B bank 
was the  n o r m a l  200 ps i a  (bank A da ta  not  ava i l ab le ) .  T h e r e  is no 
i nd i ca t i on  in the  da ta  a v a i l a b l e  that  the  i r r e g u l a r  va lve  o p e r a t i o n  was 
caused  by i m p r o p e r  ac tua t ion  p r e s s u r e s .  
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The  c a u s e  of the  i r r e g u l a r  va lve  o p e r a t i o n  has  not  been  i den t i f i ed  
but is  conc luded  (1) to be r e l a t e d  to the  cold  t e m p e r a t u r e s ,  (2) to 
accoun t  fo r  the l o n g e r  a c t u a t i o n  t i m e s ,  and (3) to have  c a u s e d  the  
i r r e g u l a r  i gn i t i on  t r a n s i e n t s .  

4.4.3 Shutdown Transient Characteristics 

The  shutdo~vn t r a n s i e n t  i m p u l s e  was  c a l c u l a t e d  as  ou t l ined  in 
Sec t ion  3 . 6 . 2  fo r  t e s t  f i r i n g s  l o n g e r  t han  1 - s e c  d u r a t i o n ,  and the  
i m p u l s e  deve loped  du r ing  each  i s  p r e s e n t e d  in  T a b l e  VI. A s u m m a r y  
of the a v e r a g e  shu tdown i m p u l s e  f r o m  FS2 to 10 p e r c e n t  of s t e a d y -  
s t a t e  c h a m b e r  p r e s s u r e  fo r  the  v a r i o u s  va lve  bank o p e r a t i o n s ,  c h a m b e r  
p r e s s u r e  l e v e l s ,  and p r o p e l l a n t  t e m p e r a t u r e s  is  p r e s e n t e d  below: 

Pe ~-z1&et 
%%~V /~.rel, Pm~m.t/ant 

s/~ ~ ~,ia ~,~., oF 

EI~A fle,~tlon 
VaLues* " 99 70_+10 

128 A ~ "ro_.zo 

96 

A]s 99 

A o r b  1.3.0 

~v-2 ~ lo6 3o.~ 

I. Re~ez'eMe 
T,,e3.~lee m'D. F "f~o flz ' l~se 

Y r ~  1~2 to lO- ]~cent  S t e a d - S t a t e  Chamber l~eseure 

Xm~se, Dewla%ion, l~p Time, Deviation, ic; I 
~ ~ez~-e=t sec see ~ z ~ o t  

Tooo- +_3o0 o.9oo-LzSo 
12,000 

8T~5 +139 _~.0 o.Fr~ 4o.(m _~.o 

89t9 _~8 ~ 0.9~9 ~O.OO& 
-0.003 

9TAo ~ _~.3 o . ~  4o.0o8 +z.e 
-193 - o . o ~  

9478 ~38  _~.z o.789 4o.o18 _+1.9 
-1~, -o. o ~  

9L~  4:~,5 +,3.8 O.BLO 4o.o5T _-,-T.1 
-~z9 -0.083 

The average shutdown impulse values, run-to-run deviations, and times 
were within the specification limits with the standard 70°F temperature 
propellants for all valve bank operations although only dual-bore opera- 
tion is applicable to the specification. The average shutdown transient 
impulse (FS2 to i0 percent) with dual-bore TCV configuration and pro- 
pellants at 30 + 5°F was 9292.1bf-sec, but run-to-run deviations of 
+445 and -419 Ibf-sec occurred. The corresponding average shutdown 
impulse value for single-bore operation with propellants at I I0°F was 
9478 Ibf-sec with run-to-run deviations of +238 and -184 ibf-sec. 

The a v e r a g e  i m p u l s e  v a l u e s ,  r u n - t o - r u n  d e v i a t i o n s ,  and t i m e s  
f r o m  10 to  1 p e r c e n t  of s t e a d y - s t a t e  c h a m b e r  p r e s s u r e  f o r  v a r i o u s  
TCV o p e r a t i o n s  and p r o p e l l a n t  t e m p e r a t u r e s  a r e  p r e s e n t e d  below:  
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TCY TCV 

Speetf~catio~ 
Values~ 
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P 

T~vel, P ~ Z Z a n t  

99 TO+Xo 

9~ ?o_+zo 

B 95 

A~ 99 

A or B 110 110~ 

Dr-2 ~ x~6 3o~ 

• Re'A~ez'enee 16 

1D- to 1-]~z~ent Stea~r-State r~--~er l=Tess~Te 
• m=to-~au ~ - ~ o = ~  

Xn~se, Deviat ion, i~, Time, Devia%l~, i~, 
lbf -see  lbf -see  pe~eent , s e e  s e e  peree~% 

5 0 0 ~ O  - . . 

6~ +36 ~6.8 L098 ~.~8~ +~5. 
-50 - - 0 . ~  - 

-9O -O.2~  

+zB ~ . z  L o ~  ~ . 2 3 9  ~ o . ~  
- ~  -o.~37 

~9 ~ ±~.~ o.Tz7 ~o.o3~ +_3.0 
-~'~ -o.o12 

• P83 +188 +zo.~. z . ~  +o.~6p +_3.3 
~3~ - - o . ~  

The ave rage  impulse  for  all TCV opera t ions  with 70°F p rope l l an t s  was 
within spec i f i ca t ion .  Even  with o f f -des ign  condi t ions of l l 0 °F  p rope l -  
l an t s  and s i n g l e - b o r e  TCV opera t ion ,  the spec i f i ca t ion  (for 70°F) l ower  
l i m i t  impulse  was v e r y  n e a r l y  met ,  and r u n - t o - r u n  devia t ions  were  sma l l .  
The co r r e spond ing  impulse  and t ime  with dua l -bo re  opera t ion  and 30°F 
p rope l l an t s  was 1583 l b f - s e c ,  which was beyond the 70°F spec i f i ca t ion  
upper  l imi t .  Thus ,  be tween 10 and 1 pe r cen t  of s t eady  s ta te ,  the cham-  
be r  p r e s s u r e  decay fol lowed the g e n e r a l  t r e n d  of o c c u r r i n g  m o r e  s lowly  
with the l o w e r  t e m p e r a t u r e  p rope l l an t s .  

The ave rage  impul se ,  r u n - t o - r u n  devia t ions ,  and t i m e s  for  the 
f inal  ta i loff ,  1 pe r cen t  of s t eady  s ta te  to 0 . 3 - p s i a  c h a m b e r  p r e s s u r e ,  
with va r ious  TCV combina t ions  and p rope l l an t  t e m p e r a t u r e s ,  a r e  p r e -  
sented  below: 
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s/~ 
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A o ~ B  
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lOO 
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• -25 .-0.1Z6 
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30~ 

The ave rage  impu l se  va lues  for  th i s  f ina l  ta i loff  with 70°F p rope l l an t s  
were  al l  wi thin 14 pe rcen t  of the s p e c i f i c a t i o n - s t a t e d  nomina l  va lue  of 
100 l b f - s e c .  S ing l e -bo re  TCV opera t ion  and l l 0 ° F  p rope l l an t s  produced  
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an ave rage  ta i loff  impulse  of 44 lbf-sec0 and dua l -bo re  opera t ion  with 
30°F p rope l l an t s  produced 160 l b f - s e c  impulse .  Again,  the cold p ro -  
pel lant  t e m p e r a t u r e s  r e t a r d e d  the chambe r  p r e s s u r e  decay,  which 
r e s u l t e d  in l a r g e r  ta i loff  impulse .  The co lder  p rope l l an t s  a lso  p ro -  
duced l e s s  r epea t ab l e  ta i loff  impulse  and t ime .  

Typ ica l  shutdown t r a n s i e n t s  for  the va r ious  TCV opera t ion  com-  
binat ions  a r e  p r e s e n t e d  in Fig.  19. 

4.4.4 impulse Bit Operation 

The total  impu l se  fo r  the impulse  bit f i r i n g s  (durat ion _< 1 sec) 
was d e t e r m i n e d  by the method d e s c r i b e d  in Sect ion 3 . 6 . 3 .  The i m -  
pulse developed in each impulse  bit f i r ing  is g iven in Table  VII. The 
total  impulse  v e r s u s  f i r ing  dura t ion  for  d i f fe ren t  TCV opera t ions  and 
p rope l l an t  t e m p e r a t u r e s  a re  p r e sen t ed  in F igs .  20 and 21, which show 
that  the total  impulse  was a lmos t  a l i n e a r  funct ion of f i r ing  durat ion.  
Dua l -bo re  TCV opera t ion  produced h igher  total  impulse  than did e i t he r  
s i n g l e - b o r e  opera t ion,  as shown in Fig.  20; for  example ,  0 . 8 - s e c  
f i r i ngs  with 70°F prope l lan t  tempera t~ t res  and dua l -bore  opera t ion  
produced impulse  app rox ima te ly  35 pe rcen t  h ighe r  than bank A s ing l e -  
bore  opera t ion  and 17 pe rcen t  h igher  than bank B operat ion.  

The total  impulse  v e r s u s  f i r ing  dura t ion  data which were  obtained 
with dua l -bo re  opera t ion  and prope l lan t  t e m p e r a t u r e s  of 30 and 60°F 
are  p r e s e n t e d  in Fig.  21. The 60°F p rope l l an t s  produced l a r g e r  total  
impulse  than did the 30°F propel lant ;  the d i f f e rences  r anged  f rom 
app rox ima te ly  33 pe rcen t  for  a 0 . 3 6 - s e c  f i r ing  to 7 pe rcen t  fo r  a 
1 - sec  f i r ing .  These  d i f fe rences  a re  l i ke ly  the r e s u l t  of the d i f f e r ences  
in ave r age  dua l -bore  TCV actuat ion  t i m e s  for  the con t ro l l ing  ba l l s  
which a re  p r e s e n t e d  below: 

Time from FSI Opening Time from FS2 C l o s i n g  
Initial Full Transit Initial Full Transit 

Propellant Opening, Open, Time, Close, Close, Time, 
Tem~, OF s e e  s e c  s e c  s e e  s e c  s e e  

30 _+ 5 o.145 i.o22 0.877 o.153 0.478 o.325 

6o + 3 o.147 o.907 o.760 o.173 o.5oo o.327 
i 

As shown, the average TCV time to full open was longer with the propel- 
lants at colder temperatures. The valve closing times were essentially 
the same with either temperature "(although the valve started closing 
0.02 sec earlier with the colder propellants). Consequently, the valve 
was full open 0. i i sec longer with the 60°F propellants. 
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By e x t r a p o l a t i o n ,  the  c u r v e s  of Fig .  20 i nd i ca t e  that  the  m i n i m u m  
s igna l  d u r a t i o n s  to ob ta in  any i m p u l s e  wi th  70°F p r o p e l l a n t s  w e r e  
0 .33  s e c  with d u a l - b o r e  o p e r a t i o n  and 0 .34  s e c  wi th  s i n g l e - b o r e  o p e r a -  
t ion.  When  us ing  cold  p r o p e l l a n t s  (30°F), s l i g h t l y  l o n g e r  s igna l  d u r a -  
t i ons  would  be r e q u i r e d  to obta in  any i m p u l s e .  

4.4.5 Propellant Flow during Bit Operation 

The  a v e r a g e  to t s /  p r o p e l l a n t  f low (ib m ) is  shown  in Fig .  22 fo r  
the bit  f i r i n g s  wi th  d i f f e r e n t  TCV c o m b i n a t i o n s  and 70°F p r o p e l l a n t  
t e m p e r a t u r e s .  The  to ta l  q u a n t i t i e s  wi th  d u a l - b o r e  TCV o p e r a t i o n  
fo r  a 0 . 8 5 - s e c  f i r i n g  w e r e  a p p r o x i m a t e l y  39 l b m  of o x i d i z e r  and 
24 l b m  of fuel .  The  d u a l - b o r e  o x i d i z e r  quan t i ty  was  a p p r o x i m a t e l y  
28 p e r c e n t  g r e a t e r  than  that  for  bank A s i n g l e - b o r e  o p e r a t i o n  and 
14 p e r c e n t  g r e a t e r  than  that  fo r  bank B s i n g l e - b o r e  o p e r a t i o n .  The  
d u a l - b o r e  fuel  quan t i ty  was  a p p r o x i m a t e l y  21 p e r c e n t  g r e a t e r  than  
that  with bank A s i n g l e - b o r e  o p e r a t i o n  and about 12 p e r c e n t  g r e a t e r  
than  that  wi th  jus t  bank B s i n g l e - b o r e  o p e r a t i o n .  E x t r a p o l a t i o n  of the  
t r e n d  shown in Fig.  22 i n d i c a t e s  tha t  d u a l - b o r e  f i r i n g  s igna l  d u r a t i o n  
m u s t  e x c e e d  a p p r o x i m a t e l y  0 .25  s e c  to f low any o x i d i z e r  and 0 .28  s e c  
to f low any fuel .  

4.5 ENGINE PERFORMANCE 

The  two p a r a m e t e r s  wh ich  w e r e  u s e d  to de f ine  eng ine  b a l l i s t i c  
p e r f o r m a n c e  w e r e  v a c u u m  s p e c i f i c  i m p u l s e  and c h a r a c t e r i s t i c  v e l o c i t y  
(based  on c h a m b e r  p r e s s u r e  m e a s u r e d  at the  i n j e c t o r  face) .  B e c a u s e  
of the  u n c e r t a i n t y  of the  t h r o a t  a r e a ,  the  I spva  c da ta  a r e  c o n s i d e r e d  
the  m o s t  a c c u r a t e  i n d i c a t i o n  of p e r f o r m a n c e  ( see  Sec t ion  3 .6 .  1). 
T h e s e  p e r f o r m a n c e  da ta  w e r e  ob ta ined  d u r i n g  22 of the  t e s t  f i r i n g s  
conduc t ed  with i n j e c t o r  S /N 104. Data  w e r e  ob ta ined  at m i x t u r e  r a t i o s  
r a n g i n g  f r o m  1.35 to 1.71 and c h a m b e r  p r e s s u r e s  f r o m  81 to 117 ps ia .  
T e s t i n g  was conduc t ed  with p r o p e l l a n t  t e m p e r a t u r e s  f r o m  60 to l l 0 ° F  
wi th  the  m a j o r i t y  of the  t e s t i n g  at the  60°F t e m p e r a t u r e .  P e r f o r m a n c e  
da ta  w e r e  ob ta ined  f r o m  one t e s t  f i r i n g  wi th  i n j e c t o r  S /N 094, at a 
m i x t u r e  r a t i o  of 1 .76,  c h a m b e r  p r e s s u r e  of 105 ps ia ,  and 30°F p r o -  
pe l l an t  t e m p e r a t u r e s .  A s u m m a r y  of the  t e s t  f i r i n g s  wi th  the  p e r f o r m -  
ance  da ta  is p r e s e n t e d  in Tab le  VIII. 

The  t h r u s t  coe f f i c i en t ,  which  was c a l c u l a t e d  as d e s c r i b e d  in 
Sec t ion  3 . 6 . 1 ,  is not  c o n s i d e r e d  an exac t  i n d i c a t i o n  of n o z z l e  p e r f o r m -  
ance  b e c a u s e  of c h a m b e r  t h r o a t  a r e a  v a r i a t i o n s  and the  c o n s t a n t  c* 
a s s u m p t i o n .  T h e r e f o r e ,  no e v a l u a t i o n  of the t h r u s t  c o e f f i c i e n t  p a r a m -  
e t e r  is a t t e m p t e d ,  but the  da ta  a r e  i n c l u d e d  in Tab le  VIH. 
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4.5.1 Vacuum Specific Impulse (IsPvac) ~1~ 

The I spvac  as a func t ion / ' rn ix ture  r a t i o ,  wh ich  had b e e n  d e t e r m i n e d  
fo r  i n j e c t o r  S/N 104 d u r i n g  p r e v i o u s  t e s t i n g  (at a c h a m b e r  p r e s s u r e  of 
97 ps ia ,  P h a s e  V, Ref.  13), was  c h a r a c t e r i z e d  with the l e a s t - s q u a r e s  
curve: 

IsPva c ffi 214.084 + 123.292 (O/F)-38.215 (O/F) 2 

The P h a s e  VI t e s t i n g  did  not p r o v i d e  su f f i c i en t  da ta  fo r  a s i m i l a r  a n a l y -  
s i s ,  but a c o m p a r i s o n  (Fig.  23) of the  IsPvac  f r o m  th i s  t e s t i n g  wi th  the  
P h a s e  V c u r v e  was  m a d e  wi th  t h r e e  g r o u p s  of I sPvac  wi th in  s m a l l  Pc 
r a n g e s :  (1) f r o m  90 t h r o u g h  96 ps i a ,  (2) f r o m  97 t h r o u g h  102 ps ia ,  
and (3) f r o m  103 to 114 ps ia .  

The  c o m p a r i s o n  of the  f i r s t  da ta  g r o u p  wi th  the  p r e v i o u s  t e s t i n g  
c u r v e  is  shown in F ig .  23a to a g r e e  wi th in  0 .3  p e r c e n t .  The  one 
s t a n d a r d  d e v i a t i o n  (1~) of the  f i r s t  da ta  g r o u p  was  0. 316 l b f - s e c / l b  m 
(exc lud ing  f i r i n g s  F A - 1 ,  in wh ich  the  o x i d i z e r  f l o w m e t e r  was  e r r a t i c ,  
and F B - 2 ,  in  wh ich  the  f l o w m e t e r s  w e r e  a f f e c t e d  by gas  i n g e s t i o n  
f r o m  the  i n s u f f i c i e n t  p r e f i r e  b l e e d - i n ) .  

The  c h a r a c t e r i s t i c  c u r v e  was  sh i f t ed  by chang ing  the  i n t e r c e p t  to 
f i t  the  I sPva  c da ta  of the  s e c o n d  and t h i r d  g r o u p s  as shown  in  F ig s .  23b 
and c. The  sh i f t s  r e s u l t e d  in c u r v e  e q u a t i o n s  fo r  t h e s e  da ta  g r o u p s  as  
fo l lows :  

[SPva c = 214.33 + 123.292(O/F)-38.215(O/F)" 

I = 215.30 + 123.292(0/F) -38.215 (O/F) 2 
SPvac 

The c o m p a r i s o n  of the  P h a s e  VI I spva  c with the  s h i f t e d  c u r v e s  p r o -  
d u c e d  one s t a n d a r d  d e v i a t i o n s  (1¢~) fo r  the  s e c o n d  and t h i r d  g r o u p s  of 
0. 551 and 0. 307 l b f - s e c / l b m ,  r e s p e c t i v e l y .  

The  r e s u l t i n g  v a r i a t i o n  of I spvac  as  a func t ion  of c h a m b e r  p r e s -  
s u r e  is  i m p l i e d  by the  sh i f t ed  c u r v e s  at the  m i x t u r e  r a t i o  of 1 .6 .  
T h e s e  v a l u e s  a r e  shown  in Fig .  24 and i n d i c a t e  that  eng ine  p e r f o r m -  
ance  v a r i e d  a p p r o x i m a t e l y  l i n e a r l y  wi th  c h a m b e r  p r e s s u r e  in the  
r a n g e  of c h a m b e r  p r e s s u r e  t e s t e d .  The  v a r i a t i o n  was 0 .08  l b f - s e c /  
l b r n / p s i .  A s i m i l a r  a n a l y s i s  of p r e v i o u s  t e s t i n g  da ta  of i n j e c t o r  S /N 104 
i n d i c a t e d  a s lope  of about 0 .04  l b f - s e c / l b r n / p s i  (Ref.  13). 
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4.5.2 Characteristic Velocity (c*) 

C h a r a c t e r i s t i c  v e l o c i t y  c a l c u l a t i o n s  w e r e  to have  b e e n  b a s e d  on the  
f i r s t  t e s t  f i r i n g  wi th  the  u n u s e d  c h a m b e r  as  d e s c r i b e d  in Sec t i on  3 . 6 . 1 .  
H o w e v e r ,  the  e r r a t i c  o p e r a t i o n  of the  o x i d i z e r  f l o w m e t e r  d u r i n g  the  
f i r s t  f i r i n g  (FA-1)  and i m p r o p e r  p r o p e l l a n t  b l e e d - i n  f o r  the  s e c o n d  f i r -  
ing (FB-2)  n e c e s s i t a t e d  d e f e r r i n g  c a l c u l a t i o n  of c~ i un t i l  the  t h i r d  f i r i n g  
(FB-3 )  a f t e r  s o m e  40 s e c  of p r e v i o u s  f i r i n g  t i m e  had  b e e n  c o n d u c t e d .  
The  p r e f i r e  m e a s u r e d  t h r o a t  a r e a  was  u s e d  wi th  a c a l c u l a t e d  a r e a  c h a n g e  
and the  c h a m b e r  p r e s s u r e  and p r o p e l l a n t  f low r a t e  da t a  of the  t h i r d  f i r -  
ing to p r o d u c e  a c~ i c o r r e c t e d  to n o m i n a l  o p e r a l i n g  cond i t i ons  of 5901 
f t / s e c .  A c o m p a r i s o n  of th i s  c o r r e c t e d  c~ i v a l u e  wi th  the  two o b t a i n e d  
in p r e v i o u s  t e s t i n g  i n d i c a t e d  tha t  the d e f e r r e d  c a l c u l a t i o n  of c~ w a s  va l i d ,  
as  shown  below:  

Engine S/N In~ector S/N 

c*i 
Nominal Operating 
Conditions, ft/sec 

54* 104 5894.3 

54A* 104 5943.6 

54D 104 5901.3 

*Ref. 13 

4.6 PROPELLANT LINE AND INJECTOR HEATER PERFORMANCE 

4.6.1 Line Heaters Performance 

The  e n g i n e  l i ne  h e a t e r s  had  only  one c o m p l e t e  o p e r a t i v e  c i r c u i t  (of 
the two i n t e n d e d  c i r c u i t s )  f o r  the e v a l u a t i o n s  m a d e  d u r i n g  t e s t  p e r i o d s  
F F ,  FG,  and FH.  The  o t h e r  c i r c u i t  i n c u r r e d  e l e m e n t  open c i r c u i t s  
p r i o r  to e v a l u a t i o n  at a l t i t ude  p r e s s u r e ,  as  shown below:  

OxX~tzer Id l e  b e i s t ~ m e e  (f2), olme 
Test A A 

~erx..._._.~ (Deetx.) (Ae~.~I) 

FI 8.2 ~ . 3  

FG, FR 1~.3 

B B 
(Des:tan) (Ae%~al) 

8.2 lO.8  

ii.i 

10.7 

Fuel Line ItesistAaee (~)m ohms 
A A B B 

9.7 lo.3 

10.9 

iO.~ 

9.T 27.6* 

28.6* 

27.6* 

Contd~nea o~m elements. 
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Thus,  the h e a t e r  p e r f o r m a n c e  could be d o c u m e n t e d  with only one 
n o r m a l  s i n g l e - c i r c u i t  m o d e  of ope ra t i on .  The  p r o p e l l a n t  l i n e  t e m p e r -  
a tu r e  changes  which  r e s u l t e d  dur ing  l i ne  h e a t e r  o p e r a t i o n  a r e  shown  
in Fig.  25. The  hea t ing  capab i l i ty  of the  one n o r m a l  c i r c u i t  of t h e s e  
p ro to type  h e a t e r s  was  u n s a t i s f a c t o r i l y  s m a l l  and p r o v i d e d  too l i t t l e  
hea t  to e s t a b l i s h  a de f in i t e  hea t ing  r a t e .  

4.6.2 Injector Heater Performance 

The s t r i p  h e a t e r  on the  i n j e c t o r  was  e v a l u a t e d  d u r i n g  t e s t  p e r i o d s  
F F  and FH, in which  h e a t e r  p e r f o r m a n c e  was ob ta ined  as shown  in 
Fig.  26. In p e r i o d  FF ,  the  p r o p e l l a n t s  and t e s t  ce l l  w e r e  c o n d i t i o n e d  
to 30°F, and the  h e a t e r  r a i s e d  the  t e m p e r a t u r e  of the i n j e c t o r  (at the  
o u t e r  r i m )  to a p p r o x i m a t e l y  90°F f r o m  i n t e r m e d i a t e  t e m p e r a t u r e s  
b e t w e e n  t e s t  f i r i n g s .  In t e s t  p e r i o d  FH, the  t e m p e r a t u r e s  of the p r o -  
pe l l an t s  and t e s t  ce l l  w e r e  a p p r o x i m a t e l y  30°F, and the  h e a t e r  was  u s e d  
to r a i s e  the  i n j e c t o r  t e m p e r a t u r e  at the  ou te r  r i m  f r o m  34 to 90°F. 
The  hea t ing  was done with the  c o m b i n a t i o n  of both h e a t e r  c i r c u i t s  
(A plus B) which  p r o d u c e d  an a v e r a g e  hea t ing  r a t e  of about 1 .2@F/min.  

SECTION V 
SUMMARY OF RESULTS 

The  r e s u l t s  of t e s t i n g  to qual i fy  the  Mod I -C  b i p r o p e l l a n t  va lve  fo r  
s p a c e c r a f t  u se  a r e  s u m m a r i z e d  as fo l lows:  

I. The Mod I-C bipropellant valve developed leakage of 
ball seals and shaft seals during test operation which 
was in excess of specification limits for valve 
qualification. 

2. Postfire propellant evaporation caused temperature 
reductions in the injector of as much as 9°F; the 
minimum injector temperatures reached were about 
17°F at from 30 sec to 2.5 rain after engine shutdown. 

3. Ignition transient impulse and time were within speci- 
fication limits at standard inlet conditions with both 
dual-bore and single-bore TCV operation. 

4. Ignition transient impulse was proportional to propel- 
lant t e m p e . - a t u r e .  
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5. Cold (30°F) p rope l l an t s  produced i r r e g u l a r i t i e s  in the 
igni t ion t r a n s i e n t  p r e s s u r e  r i s e  c h a r a c t e r i s t i c  and 
r a t e  and in the TCV opera t ion  ra te .  

6. Shutdown t r a n s i e n t  impulse  and t ime  were  within 
spec i f i ca t ion  l i m i t s  at s t anda rd  in le t  condi t ions  
with both dua l -bore  and s i n g l e - b o r e  TCV opera t ion .  

7. Shutdown t r a n s i e n t  impulse  was 1.5 to 7.3 pe rcen t  l e s s  
r epea tab le  with cold p rope l l an t s  than with 70°F pro-  
pe l lants .  

8. The impulse  of the impulse  bit f i r i ngs  was app rox ima te ly  
p ropor t iona l  to f i r ing  dura t ion  and 17 to 35 pe rcen t  
g r e a t e r  with dua l -bore  than with s i n g l e - b o r e  TCV 
opera t ion .  

9. The impulse  of the impulse  bit f i r i ngs  was approx i -  
ma t e ly  p ropor t iona l  to p rope l l an t  t e m p e r a t u r e .  

10. The m i n i m u m  dura t ion  f i r ing  s igna l s  for  any m e a s u r a b l e  
impulse  were  approx imate ly :  

a. 0.33 sec  for  dua l -bore  TCV opera t ion ,  
b. 0 .34 sec  for  s i n g l e - b o r e ,  and 
c. Sl ightly longe r  with cold p rope l l an t s .  

11. The m i n i m u m  dura t ion  f i r ing  s igna l s  for  any m e a s u r a b l e  
p rope l lan t  flow at s t anda rd  in le t  condi t ions  were  approx i -  
ma te ly :  

a. 0 .25 sec  for  ox id izer  (dua l -bore  opera t ion) ,  
b. 0 .28 sec  for  fuel  (dua l -bore  opera t ion) ,  and 
c. Sl ightly l onge r  with s i n g l e - b o r e  TCV opera t ion .  

12. Engine  p e r f o r m a n c e  (IsPva c and c~) ag reed  within  0.3 
pe rcen t  of that  of p rev ious  t es t ing  with the s ame  in j ec to r .  

13. P rope l l an t  l ine  and TCV e l e c t r i c  s t r i p  h e a t e r s  had an 
insuff ic ient  heat ing capabi l i ty  to produce s ign i f ican t  
t e m p e r a t u r e  r i s e s  in the l ines .  

14. In jec to r  e l e c t r i c  h e a t e r  opera t ion  at m a x i m u m  capac i ty  
produced an ave rage  r i s e  of the in j ec to r  ou te r  r i m  t em-  
p e r a t u r e  of about 1 . 2 ° F / m i n .  
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Fig. 1 The ApolloSPS Block II Engine 
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Pneumatic 
Actuators 

5 

a. General Arrangement 

Enable 11~, Fuel inlet L Solenoid Valve I I ~  ~ ~ ~_Regulator 
, Relief Valve 

N 2 Tank ~ i ~  JL~ll I Solenoid Valve 
I B_~~~_114 Places) Spring ------- _ __ ~ 

Oxidizer Inlet'~ -- 
b. Flow Diagram 

Fig. 2 Block II Bipropellant Valve 
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Stub Shafts 

Down stream 
Seals 0nly 

a. Prototype (Phase V) 

b. Mod I-C Design (Phase VI) 

Fig. 3 Bipropellant Valve Ball and Seal Details 
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Fig. 4 Face View of Injector S/N 104 
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Fig. 5 Nozzle Extension S/N 054, Posttest Period FJ 
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a. Engine Line Heater Installation 

Fig. 6 Electrical Strip Heaters 
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b. Injector Heater Installation 

Fig. 6 Concluded 
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0 Pressure Measurement 
~ ® Temperatu re Measurement 

. . . .  Helium Lines 
~Fue l  Lines 
. . . .  Oxidizer Lines 

T 

I = 

• ~ , , ~ -  I C~ = / I LL 

_ _  , 

overTank ~"~'~-r ' [~'~]"~-I I - ' -~"  - -  '~ 
Ox~dizer-I~l ! I I ~ 

~c~meter~ t A kt l~- . l~Heat  ! Engine [ Exchanger 

Interfaces 

F i l te r - -~  To To 
I 
I 

From J-3 
Oxidizer 
Storage 
Tank 

(Fill Line) 

Oxidizer Fuel 
Weigh Weigh 
Tank Tank 

i 
I 
i 

~- -~  Tank Cross- 
over Line 

-~Fuel Flowmeter 

g~-- Rlter 

From J-3 
Fuel 

Storage 
Tank 

(RII Line) 

Fig. 7 Schematic of F-3 Fixture 
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T e s t  C e l l  C a p s u l e ,  
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Date 

2 / l  

2/7 

2/8 

2/13 

Time 

O0e5 

1120 

0O02 

1012 

1042 

1112 
~oI 

1621 

~56 

2~5 

20~ 

2~4 

2~7 

~47 

Test 
No. 

FA-I 

FB-2 

FB-3 

FB-~ 

Fc-6 

F0-7 
F0-8 
Y0-9 

FO-IO 

FC-II 

FC-12 

yc-13 

FO-14 

FO-15 

F0-16 

FC-17 

F0-18 

~-191 
FC-20 

FC-21 

Actual 
Durat ion,  TCV 

sec ~ank 

30.3 A 
AB 
B 

9 .9  A 

lO.6 A 

lO.9 AB 

lO.7 B 
I i . 0  A 

1o.3 A~ 

10.2 B 

5.5 A~ 

~.~ A 

4.4 AB 

~.3 

3-3 A 

3.3 AB 

3.3 B 

1.8 A 

1.8 AB 

1.8 B 

i0. i AB 

1o.6 A~ 
lO.3 AB 

TABLE I 

TEST SUGARY 

• a r g e t  ~arget  
Pc ~ 

p s i a  O/F 

99 1.6 

99 1.6 

99 1.6 
99 1.6 
99 1.6 
99 1.6 
99 1.6 
99 1.6 
99 1.6 

99 1.6 

99 1.6 
99 1.6 

99 1.6 

99 1.6 

99 1.6 

99 1.6 

99 1.6 

99 1.6 

79 1.6 
89 1.6 
99 1.6 

Remarks 

Flowmeter s erratic 

Engine no t  b led  in  eca- 
pletely 9 firing invalid 

Repeat of FB-2 

5 firings of i.ii sec 
each at l-~Lin intervals. 

5 firings of 0.88 sec 
each at l-rain intervals. 

II 

5 firings of 0.86 sec each 
at l-re_in intervals 

5 firings of 0.65 sec each 
at l-rain intervals 

5 firings of 0.66 see each 
at l-rain intervals 

11 

5 Firings of 0.37 sec 
each a t  l-rain intervals 

11 

5 firi~s of 0.36 eec 
each at l-rain intervals 
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Test  
Actual 

Duration: 
Bee 

2/13 2317 FC-~ i0.~ 

23~7 FC-23 9.9 

2/~3 /./38 ~-2~ 30.0 

2].16 F~-25 10.5 

21~6 F~-~6 Z0.5 

~_~6 FD-27 10.5 
Zz~6 FD-28 10.7 
2320 ~-29 ~5o.5 

TABLE I (Continue,I) 

TCV 
Bank 

AB 

AB 

A 
AB 
B 

A 

A 

B 

B 

AB 

, ~arget  
Pc~ 

ps ia  

107 

99 

II0 

110 

110 

110 

Ii0 

~rget 

o/i, 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

o759 F~-31 10.5 AB 117 1.6 
08~3 ~D-32 75.6 AB 117 1.6 

1125 FD-33 5.1 AB 117 1.6 
~m6 FD-~ 5.0 AB 1-1-7 1.6 

l 

1 ~ ~135 5 .0 AS 117 ~ . 6 

209 FD-36 1.00 A 117 1.6 
no FD-37 1.00 B 117 1.6 

1213 FD-38 1.00 AB 117 1.6 

~.1~ FD-39 1.01 A3 117 1.6 

1215 FD-b,O 1.00 AB 117 1.6 

3/~3 o].18 n' -z  1.oi  As 99 1.6 

~ ~ - 2  0.36 
o~27 FF-3 0.50 AB 
o451 FF-~ 0.51 AB 

0510 FF-5 1.01 AB 

05~0 FF-6 1.99 AB 

0738 i~-7 0.36 
0739 FF-8 i. 88 AB 

~ FF-9 0.36 
12o8 FF-IO 1.90 AB 
lb,19 FF-~ 0.36 AB 

99 
99 
99 
99 
99 
99 
99 
99 
99 
99 

1.6 
1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

Remarks 
m 

Prope l l an t  temper- 
a t u r e s  110 to  l lS°F 

Oxidizer  dep le t ion  
stopped engine a t  ~ 5  sec 
Oxidizer flowmeter t e s t  

Cold temperature condi t ion* 
ing (see ~able I I )  
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TABLE I (Concluded) 

]~te 

3/23 

412 

413 

4 / 4  

4/4 

Actual Target 
Time Test Durationj TCV P 

Z, To. 
! m 

1 ~  FF-12 1.91 AB 99 

15o2 ~-13 0.36 ~ 99 

1503 FF 14 O. 36 AB 99 

1539 FF-15 O. 52 A3 99 

154o FF-Z6 0.51 AB 99 
23o8 FO- 17 i .  01 AB 99 

o~5 FG-18 0.36 AB 99 
0148 FG-19 O. 36 AB 99 
o221 ~-zo o.51 AB 99 
o303 FG-21 2.00 AB 99 
043O FG-22 '0 .51  AB 99 
0618 FG-23 1 O. 35 AB 99 
0626 FG-24 1 0.36 AB 99 

0634 FG-25 i 0.36 AB 99 

0642 FG-26 2.05 AB 99 

0936 FH-27 1.08 AB 99 

12~ ~-28 o.36 ~ 99 

1224 FH-29 0.36 AB 99 

1228 FH-30 O. 35 AB 99 

1232 FH-31 2.01 AB 99 

2213 FJ-32 O. 36 AB 99 

2229 FJ-33 0.36 AB 99 

2235 FJ-34 O. 36 AB 99 

2241 FJ- 35 O. 35 AB 99 

2247 FJ-36 i0.i0 AB 99 

~rget 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

iJ6 

1.6 

1.6 
i 

ii.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 

1.6 
1.6 
1.6 
1.6 
1.6 

1.6 
1.6 
1.6 
1.6 

i 

Remarks 

CoI~ temperature con- 
dltioning (see Table II) 

Cold temperature con- 
ditioning (see Table II) 

Cold temperature con- 
ditioning (see Table If) 
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T e s t  
No, 

FF-1 

FF-2 

FF-3 
FF-4 

FF-5 
FF-6 

FF-7 
FF-8 

FF-9 
FF-IO 

FF -Ii 
FF-12 

FF-Z3 
FF-I# 

FF -15 
FF-Z6 

FG-17 

FG-19 
K} -20 

FG-21 

YG-22 

FG-23 
FG-24 
FG -25 
FG -26 
FH-27 

FH-28 
FH-29 
FH-30 
FH-31 
FJ-32 
FJ-33 

FJ-35 

TABLE II 

COLD TEMPERATURE TEST PREFIRE CONDITIONS 

Test 
Duration, 

seo 

1.01 

0.~ 

0.50 
0.51 
1.01 

1.~ 
0.~ 
Z.88 
0.35 
1.90 
0.~ 
1.91 
0.36 
0.~ 

0.52 
0.52 
1 .~  
0 .~  
0 .~  
0.51 

2.~ 

o.51 
0.35 
o . ~  
o .~  
2.05 
1.08 

0.~ 
0.36 
0.35 
2.01 

0.36 
0.36 
0.~ 
0.~ 

i0.i0 

Posttest 
Coast, 
min 

174 
3.5 
24 

19 
3o 

118 
1 

267 
2 

131 
3 

40 

1 

67 
33 

33 
k.2 

87 
lo8 

8 
8 
8 

4 
4 

13 
6 
6 
6 

P r e t e s t  Engine 

Injector 
(Tj-5) 

28 
31 
35 
35 
32 
3~ 
35 

32 
32 
35 
35 
9O 

86 

30 
35 

3~ 
32 

30 

35 

32 
32 
33 
3~ 

89 

32 
28 
28 
28 
28 

TCY 
(Ttc,,-3) 

25 
27 
28 
28 
26 
25 
27 
28 
28 
28 
29 
29 
35 

38 
42 

42 
38 

33 
36 
4o 
42 
43 

m 

29 
28 
28 
28 
28 

Oxidizer  
Line 

(Tplo- ) 

TemlDeratures a OF 
Fuel 
Line 

(Tplf- ) 

29 
31 
30 
31 
3O 
3O 
31 
3O 
29 
29 
30 
30 
3O 

31 

6O 
58 

57 
54 

52 

54 
58 
59 
59 
59 

35 

32 
32 
32 
31 
31 

27 
3o 
29 

27 
27 
27 
29 
29 
29 
29 

5z 
61 

57 
56 

55 

56 

6o 
58 
57 
56 

~o 
~6 
49 

Rea~.rks 

TCVbleed- in  

TCVbleed-ln 

i 
I 

I 

TCVbleed- in  
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TABLE I I I  

BIPROPELLANT VALVE S/N 128 LEAKAGE RATES WITH ON= 
-% 

Seal Identlfi~tlon 

~ s t r e s :  Seals 

Fuel ~ill 1 

Fuel Ball 2 
Fuel Ball 3 

Fuel  Bal l  ~ 
Oxidizer  ~ 1 
Oxidlzer  ~ 2 
Oxidizer  ~ a l l  3 
Oxidizer  ~ 

Upstream Seals 
Fuel Ball 1 

Fuel Ball 2 
FueZ BaZZ 3 

FueZ BeAZ~ 

Oxidizer Ball 1 
Oxidizer Ball 2 

Oxidizer Ball 3 

Oxidizer Ball 

Shaf t  Seale  
(valve  c loeea)  

Fuel Balls 1 +~. 

Balls 2 + 3 
Oxidizer ]~e/.Is 1 + 
Oxidizer Balls 2 + 3 

(va lve  open) 

l~uel ~ all 

O r t d t z e r ,  a l l  

Speoifled Pre.___-FA Leakage,ac/hr Post-FD leskage,cefhr 
Leakage i00- 200- i00- 200- 
Li=At, 2-p lo'3 205 2-5 2-5 ]05 9o'5 2-5 
ea/hr psig ~8iK ~sig 1~siK ~sig ~sIK ~sig psi 8 

15o 0 0 0 o 
zpo o o o o 

15o lO 5o o o 

].5o 0 0 0 o 
150 0 o 0 0 
15o o o o 0 
].pO p 0 0 0 

150 0 0 0 0 

15o i 0 0 0 0 

1.50 5 o 9.p 0 
15o o 5 19.5 0 
15o 1 25 50 2.5 

15o o o o o 
15o o 37.5 6o o 

15o o 0 0 o 
1.50 o 2~o z~o p 

0 0 0 0 
0 o 0 o 
0 o 0 0 

0 o 0 o 
0 7,200 ~2,~00 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

0 0 5 0 
5 o 0 3 

%P o 2.p 2.5 
p 0 5 o 
o o 510 o 
o ~ 5 ~  o 
0 o 0 0 

o ~ 9oo o 

20 0 0 0 0 0 0 

~0 0 0 0 0 0 0 
~0 0 0 ~'~.5 0 i~,200 10,800 
20 0 0 0 0 0 0 

70- 70- 
2-5 T2 2-5 2-P 72 

~o o o 0 0 0 

~0 2.5 0 o 17,280 3~,200 

o o 

o o 
~,80~ ~,50 

0 0 

9-5 

0 

zT,~o 
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T A B L E  IV 

B I P R O P E L L A H T  V A L V E  S/H DV-2 L E A K A G E  RATES WITH GN~ 

Spee£fied. Pre-FE T~-k~,se~eo/]~ l, Post-FJ  Le, zlmue.ee/'~r 
L e s k ~ e  J l O 0 - I 2 0 0 - -  [ ~ 100- " 200- 

z ~ t ,  2-5 1o5 205 2-5 2-p i 1o5 ~ 2o5. 2-5 
eo/hr ,, p s l s  ~ perk : peLg : ps l s  .. pstu : pslg . psIK ,~stg 

D o v n s ~ e m  Se~.s  

~ 1 15o 1 ~o 6o o o o o 0 
Fuel ~].1. 2 ZpO 0 10 2O 0 0 0 0 0 
Fuel ~,].1. 3 lpo o ~o 6o 1o ' o I o o o 
lqzel ~1~  ~ ZpO o o o o o o o o 
O z ~ e r  ~ 1 150 7o 2~o  36oo 5o o )2GO 18oo o 
Oxtcl£ser B83~ 2 150 1 0  2]10 ~1.80 10 0 ]1~ i 168 0 
Oxidizer  Ball  3 150 0 10 20 0 O 18~ 272 0 
0x£d£ser B e ~  ~ 150 l o  z2oo ~oo  6o o x8oo ~:~o 8 

1~jpetrem 8ea.l.e 
Z~zel ~ X lpo o 76p ~5 17.5 o I o o o 

~ ] ~  2 zpo o o o o o o ' o o 

F u e l ~  3 3.50 ! o o 5 o , o o o o 
Fae l  ~ I~ IpO 95 1J9~o 200 120 0 o 0 0 

Oztd.1.zer ~ 1 150 5 lp 55 0 o o ~o i 0 
Ox:tcl:tzer ~ 2 15o o o o o o o o o 
Oxidizer B e ~  3 lpO 5 32.P 5 0 0 0 0 0 
Oxta~ ze~ ~ 1 ~  ~, 150 P 75 200 1 0 0 0 O 

8hlLt't 8eLl.e 
(,Ll','e oz~ ,~ )  

]k1.1.8.1 + ]~ 20 o o o o l o* o* o* o ~ 
FueZ Be3..I.s 2 + 3 ~0 0 0 0 & 

J Oxi~tser  Be3.ls i + ]~ ~O 1 2 ~  3600 1920 O* O* ~ *  O* 
( ~ t ~ t s e r  BLUe 9 + 3 20 loo :]...~o o. ~ :_7._,5., . . . . . . . .  

(vLzve open) ~-5 ~ 2.P I 
pe:t8 psi.8 pe:tg 

lqwl ,  a l l  ~0 0 0 0 O~ O~ O* O~ 
Cz:td.l.zer, ~ l~O 70 3T80 L 72 O* 9900* 28,800* O* 

• es~ l~er~rued a t  ~ / ~ c ~ m e n ~ o :  Leeka~  f o r  83.3. se~ .s  t oge the r .  
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TABLE V 

SUMMARY OF IGNITION TRANSIENT IMPULSE DATA 

] Engine 
I Serzal  

Number  

Thrus t  
Chamber  

Valve Bank 

Chamber  [ 
P r e s s u r e  

Leve l ,  ps ia  I 

F r o m  FS1 to 90 Pe rcen t  
of_ S teads -S ta te  Th rus t  T e s t  

Number  T ime ,  sec  I Impulse ,  l b f - s e e  

FA-01 54D • 96 i 0.652 ] 272 

i 
FB-02  54D A 94 I i .  273 2939** 

-03 I A I 9 4  I, 0.656 391 
-04 AB 99 0. 531 203 
-05 I B 95 I 0.590 476 

54D FC-06 
-07 
-08 
-09A 
-09B 
-09C 
-09D 
-09E 
-10A 
-10B 
-10C 
-10D 
-10E 
-11A 
-lIB 
-11C 
- l l D  
-lIE 
-12A 
-12B 
-12C 
-12D 
-12E 

-13A 
-13B 
-13C 
-13D 
-13E 

A 
AB 
B 

AB 

A 

1 
AB 

1 
B 

A 

L 
AB 

I 
B 

AB 

i 

FC-14A 
-14B 
-14C 
-14D 
-14E 
-15A 
-15B 
-15C 
-15D 
-15E 
-19 
-20 
-21 
-22 
-23 

94 
9'7 
93 
97 

97 

93 

94 

97 

82 
91 

102 
109 
117 

54D 

0. 656 
0. 530 
0. 596 
0. 527 
0. 520 
0. 515 
0. 510 
0. 516 
0. 644 
0. 641 
0.636 
O. 630 
0. 640 
0. 526 
0. 522 
0. 521 
0. 520 
0.518 
0. 604 
O. 603 
0. 604 
0. 602 
0. 602 
0. 646 
0. 634 
0. 632 
O. 635 
O, 633 

0. 528 
0. 527 
0. 526 
0. 523 
0. 523 
0. 604 
0. 607 
0.606 
0. 604 
0.6.05 
0. 554 
0. 539 
0. 531 
0. 525 
0. 526 

279 
146 
504 
396 
429 
368 
286 
379 
623 
629 
606 
526 
645 
337 
355 
384 
412 
408 
661 
693 
631 
691 
688 
533 
533 
512 
535 
505 

382 
363 
355 
394 
4O6 
"/21 

' 685 
654 
688 
676 
332 
338 
37O 
419 
488 

• F i r s t  10 sec  Valve Bank A, next 10 sec  Bank A and B, l a s t  10 sec  Bank B 

• ::~Poor Prope l lan t  B leed - in  
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TABLE V (Concluded) 

T e s t  Engine 
Se r i a l  

Number  
Number  

FD-24 
-25 
-26 
-27 
-28 
-29 
-30 
-31 
-32 
-33 
-34 
-35 
-36 
-37 
-38 
-39 
-40 

FF-01 
-05 
-06 
-08 
-10 
-12 
-15 
-16 

FG-17 
-20 
-21 
-22 
-26 

54E 

! 

54F 

54F 

Thrus t  
Chamber  

Valve Bank 

A 
A 
B 
B 

AB 

A 
B 
AB 

I 
AB 

AB 

FH-27  54F AB 
-31 AB 

FJ - 36 54 F AB 

Chamber  
P r e s s u r e  

Level, psia 

97 
110 
109 
109 
109 
112 
108 
114 
114 
113 

I 

106 

106 

F r o m  FSI  to 90 Pe rcen t  
of Steady-Sta te  Th rus t  

Time, sec 

0.683 
0.671 
0.665 
0.623 
0.616 
0.559 

Data not 
Avai lable  

0.636 390 
0.590 328 
0.587 273 
0.560 239 
0.576 345 
0.576 400 
0.549 266 
0.558 318 

0.602 376 
0.566 293 
0.560 306 
0.548 238 
0.542 250 

106 0.609 320 
0.572 236 

106 0.607 798 

Impulse, lb f -sec 

639 
946 
999 

1098 
1210 
1083 

Data not 
Ava~able 

r 

*First I0 sec Valve Bank A, next 10 sec Bank A and B, last 10 sec Bank B 
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TABL E Vl 

SUMMARY OF SHUTDOWN TRANSIENT IMPULSE DATA 

T e s t  
N u m b e r  

FA-01  

FB-02 
-03 
-04 
-05 

FC-06 
-07 
-08 
-19 
-20 
-21 
-22 
-23 

FD-24  
-25 
-26 
-27 
-28 
-29 
-30 
-31 
-32 
-33 
-34 
-35 
-36 
-37 
-38 
-39 
-40 

E n g i n e  
S e r i a l  

N u m b e r  

54D 

54D 

54D 
I 

54E 

T h r u s t  
C h a m b e r  

Valve Bank 

A 
A 

AB 
B 

A 
AB 
B 

AB 

A 
A 
B 
B 
AB 

A 
B 

AB 

L 

C h a m b e r  
P r e s s u r e  

Leve l ,  p s i a  

96 

94 
94 
99 
95 

94 
97 
93 
82 
91 

102 
109 
117 

F r o m  FS2 to 1 P e r c e n t  
of S t eady -S t a t e  T h r u s t  

T i m e ,  s e c  

2. 165 

2. 029 
1. 953 
1. 856 
1. 849 

2 .216  
2 .210  
2. 208 
2. 822 
1. 984 
1.887 
1. 852 
1. 757 

97 1. 706 
110 1. 513 
109 1. 544 
109 1 .479 
109 1.488 
112 
108 
114 
114 
113 

Impulse, lbf-sec 

9,284 

9,571 
9,400 

I0. 257 
9, 145 

Data  not 
Ava i l ab l e  

9 ,215  
10,149 

9, 047 
9 ,085  
9 ,675  

10,566 
11 ,144 
11 ,610 

9 ,164 
10,193 
10,088 

9, 850 
9, 778 

Da ta  not  
AvaJ.lable 

FF-06 54F AB 106 3. 090 10,505 
-08 3. 210 11,217 
-I0 2. 241 10,717 
-12 . . . .  2. 339 10,847 

FG-21  54F AB 106 1.930 11,477 
-26 { ~ ~ 1.906 11.165 

FH-31  54F AB 106 2. 429 11,320 

F J - 3 6  54F AB 106 3. 720 13,435 

* F i r s t  10 sec  Valve  Bank A, next  10 s e c  Banks  A and B0 l a s t  10 s e c  Bank B 
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TABLE VII 

IMPULSE BIT DATA SUMMARY 

Test 
~m~e~ 

-09B 
-090 
-09]) 
-09E 
-IOA 
-10B 
-IOC 
-It;) 
-i(~ 
-11A 
-lib 
-110 
-110 
-lie 
-12A 
-12B 
-120 
-12]) 
-lee 
-13A 

-130 
-13D 
-1SE 

-15A 
-15B 
-mSc 
-15D 

-16a 
-16B 
-16C 
-16D 
-16E 
-17A 
-17B 
-170 
-17) 
-17E 
-18A 
-18B 
-18~ 
-18D 
-18E 

~ i n e  
8 e r l ~  

5~D 

~ t  
Cba=ter 

Valve Bank 

AB 

A 
! 

AB 

r 

A 
| 

AB 

r 

B 

A 

~wat~r 
l~essure 

Level, p,,,:La 

AB 

B 

97 

! 
I 

97 

93 

97 

93 

9& 

I 

97 

I '  

93 

IK~stion, 
see 

1.12 
i.ii 
1.11 
1.11 
1.11 
0.87 
0.89 
0.89 
0.87 
0.89 
0.90 
0.88 
0.88 
0.86 
0.87 
0.86 
0.86 
0.86 
0.86 
0.86 
0.65 
0.65 
0.65 
0.65 
0.66 
0.66 
0.65 
0.66 
0.66 
0.66 
0.65 
0.65 
0.67 
0.65 
0.66 
0.37 
0.36 
0.37 
0.37 
0.36 
0.36 
0.36 
0.37 
0.37 
0.37 
0.36 
0.36 
0.36 
0.36 
0.36 

] ~ l~ l se ,  

23,298 
23,507 
23,5  
23,5~3 
23,5~ 
13,779 
13,875 
1~,0~ 

13,957 
17,2~8 
17,523 
17,58~ 
17,63e 
17,6~2 
1~,9e7 
15,057 
15,066 
].5,o81 
15,10~ 
%338 
7,535 
7,539 
7,~1"3 
7,5~ 

13.,08~ I 
11,2~i 
11,21D0 
11,2o~ 
11,360 
9,0~7 
8,810 
8,769 
8.767 
8,77~ 

~70 

370 
376 

9o8 
1,o65 
1,o97 
1,06o 
1,030 

~6 
~0 
~5 
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TABLE VII (Concluded) 

Test  
N u ~ e r  

~ - ~  ~ 

-39 
-~0 

~ - o l  5 ~  

-03 

-o5 

-15 
-16 

-18 
-19 

-25 " 

-28 

~ - ~  5~  

I ~  ~ I 

Engine 
S e r i a l  
Number 

Thrust  
Chamber 

Valve Bank 

A 
B 
AB 

l 
AB 

AB 

AB 

AB 

Chamber 
Pressu re  

14vel, p s i a  

113 

106 

106 

Io6 

Io6 

Test 
~z~t ion, 

Bee 

Data no t  
Avai~ble 

2..01 
0.36 
0.50 
0.51 
1.01 
0.~ 
0.36 
0.36 
0.36 
0.36 
0.51 
0.51 

1.03. 
0.36 
0.36 
0.51 
0.51 
0.35 
0.36 
0.36 

1.08 
0.36 
0.36 
0.35 

0.36 
0.36 
0.35 
0.35 

Tmpulse, 
] . 'bfi  s e e  

Data no t  
A v a i l a b l e  

18,916 

3,70~ 
41081 

18,~5 
356 
372 
~ 8  
53o 
6~  

zo,3~3 
530 
55~ 

5,z87 
5,590 6~ 

5~ 
597 

605 

?2 
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APPENDIX III 

TCV LEAKAGE CHECKS 

E a c h  of the  e ight  ba l l s  in the TCV (Sect ion  2 . 1 . 1 )  is equ ipped  wi th  
an u p s t r e a m ,  a d o w n s t r e a m ,  and two shaf t  s e a l s  (Fig.  3). 'The p u r p o s e  
of the  u p s t r e a m  and d o w n s t r e a m  s e a l s  is  to p r e v e n t  p r o p e l l a n t  f r o m  
l e a k i n g  pas t  the  va lve  ba l l s  into the  i n j e c t o r  m a n i f o l d s  when  the  va lve  
ba l l s  a r e  in the  c l o s e d  pos i t ion .  A s e c o n d a r y  p u r p o s e  is to p r e v e n t  
p r o p e l l a n t s  f r o m  l e a k i n g  into the  vo ids  on the  s i d e s  of the  ba l l s  t h r o u g h  
which  the  ba l l  sha f t s  pass .  The  p u r p o s e  of the  shaf t  s e a l s  is  to p r e v e n t  
any l e a k a g e  which  m i g h t  o c c u r  pas t  the  bal l  s e a l s ,  f r o m  l e a k i n g  a long 
the shaf t s  to the  i n s i d e  cav i ty  of the va lve  hous ing .  

L e a k a g e  c h e c k s  of the  v a r i o u s  TCV s e a l s  w e r e  conduc t ed  p r i o r  to 
t e s t  p e r i o d s  FA and FE and a f t e r  t e s t  p e r i o d  FJ .  The  p r o c e d u r e s  u s e d  
to d e t e r m i n e  the  l e a k a g e  r a t e s  a r e  i n c l u d e d  in the  fo l lowing  s e c t i o n s .  
All r a t e s  w e r e  d e t e r m i n e d  by apply ing  GN2 p r e s s u r e  a c r o s s  the  s e a l ,  
o r  s e a l s ,  in q u e s t i o n  and m e a s u r i n g  the  l e a k a g e  on the d o w n s t r e a m  s ide  
with a w a t e r  d i s p l a c e m e n t  l e a k  m e t e r .  The  l e a k a g e  r a t e s  ob t a ined  at 
the  v a r i o u s  p r e s s u r e s  app l ied  a r e  shown  in Tab le  IH. Also  shown 
w h e r e  app l i cab le ,  a r e  the  m a x i m u m  s p e c i f i c a t i o n  l e a k a g e  r a t e s  (Ref. 16). 

DOWNSTREAM BALL SEAL 

The  d o w n s t r e a m  s e a l s  on each  of the  e igh t  ba l l s  w e r e  i nd iv idua l l y  
l e a k  c h e c k e d  by apply ing  equa l  GN2 p r e s s u r e s  on both s i d e s  of the up-  
s t r e a m  bal l  s e a l s .  (It was  n e c e s s a r y  to apply equa l  p r e s s u r e  a c r o s s  
the u p s t r e a m  bal l  s e a l  to p r e v e n t  it f r o m  be ing  f o r c e d  open by r e v e r s e  
p r e s s u r e .  ) 

UPSTREAM BALL SEAL 

The  u p s t r e a m  s e a l s  on e a c h  of the  e ight  ba l l s  w e r e  i nd iv idua l l y  
l e a k  c h e c k e d  by apply ing  p r e s s u r e  to the  u p s t r e a m  s ide  of e a c h  bal l  
and m e a s u r i n g  the l e a k a g e  at the  po r t s  to the  c a v i t i e s  b e t w e e n  the  bal l  
seals. 

BALL SHAFT SEALS (BALLS CLOSED) 

L e a k a g e  pas t  the bal l  shaf t  s e a l s  was m e a s u r e d  in ba l l  pa i r s ;  i. e . ,  
the  two u p s t r e a m  o x i d i z e r  ba l l  shaf t  s e a l s  w e r e  l e a k  c h e c k e d  as a uni t ,  
the two d o w n s t r e a m  o x i d i z e r  bal l  shaf t  s e a l s  w e r e  c h e c k e d  as a unit ,  
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the  two u p s t r e a m  fuel  bal l  shaf t  s e a l s  w e r e  c h e c k e d  t o g e t h e r ,  and the  
two d o w n s t r e a m  fuel  bal l  shaf t  s e a l s  w e r e  l e a k  c h e c k e d  t o g e t h e r .  In 
e a c h  c a s e ,  the  u p s t r e a m  s ide  of a pa i r  of l i k e  p r o p e l l a n t  ba l l s  was  
p r e s s u r i z e d  and an equa l  p r e s s u r e  was  app l i ed  to the  cav i ty  b e t w e e n  
the  u p s t r e a m  and d o w n s t r e a m  bal l  s e a l s  of e a c h  ball .  L e a k a g e  pas t  
the  p a i r  of shaf t  s e a l s  was  m e a s u r e d  at the  ex i t  of the  shaf t  s e a l  d r a i n  
m a n i f o l d s .  

BALL SHAFT SEAL (BALLS OPEN) 

The  s u m  of the  l e a k a g e  pas t  the foui" ba l l  shaf t  s e a l s  on a p a r t i c u -  
l a r  p r o p e l l a n t  s i d e  wi th  all  fou r  ba l l s  open  was  d e t e r m i n e d  by p r e s s u r -  
i z ing  the  f low p a s s a g e s  of the  va lve  and m e a s u r i n g  the  l e a k a g e  at the  
ex i t  of the  bal l  shaf t  s e a l  d r a i n  man i fo ld .  

75 



UNCLASSIFIED 
~cudt~ C l a s m f i c a t i o n  

DOCUMENT CONTROL DATA.R & D 
(Security cte~s|f|cataon ot th is,  ~ d y  o[ ebsfracl and indexing annotation must be entered when the o ~ r a t l  report Is c r a s s l l l e ~  

I .  O R I G I N A T I N G  A C T I V I T Y  ( C o . o r a t e  author) 
A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  
ARO, I n c . ,  O p e r a t i n g  C o n t r a c t o r  
A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n .  37389  | 2 • . 2 a ,  

R E P O R T  S E C U R I T Y  C L A S S I F I C A T I O N  

UNCLASSIFIED 
G q O U P  

N/A 
3 R E P O R T  T I T L E  

APOLLO BLOCK I I  SPS ENGINE ( A J 1 0 - 1 3 7 )  ENVIRONMENTAL TESTS AND MOD I - C  
BIPROPELLANT VALVE QUALIFICATION TESTS (PHASE VI ,  PART I )  

4 D E S C R I P T I V E  N O T E S  ( ~ p s  ol  report and inclusive dates) 

F i n a l  R e p o r t  F e b r u a r y  1 t o  A p r i l  4 ,  1968 
5 A U  T H O R I S )  (FfrS'  name~ mtd~s  mJttel, last  name) 

G. H. S c h u l z ,  A. L. B e r g ,  and  C. E. R o b i n s o n ,  ARO, I n c .  

§. q E P O R T  D A T E  

O c t o b e r  1968 
8a  C O N T R A C T  O R  G R A N T  N O  

F 4 0 6 0 0 - 6 9 - C - 0 0 0 1  
b.  P R O J E C T  N O  

9281 

c S y s t e m  921E 

B 
7 a .  T O T A L  NO O F  P A G E S  [ T b .  N O .  O F  R E F S  

83 ] 17 
9e .  O R I G I N A T O R * S  R E P O R T  N U M B E R ( S )  

A EDC-TR-68 - I  78 

9b. O T H E R  R E P O R T  NO(S)(Any other numbers that may be assigned 
this report) 

N/A 
IC O'STRIBUTIONSTATEMENT T h i s  d o c u m e n t  i s  s u b j e c t  t o  s p e c i a l  e x p o r t  c o n t r o l s  a n d  
e a c h  t r a n s m i t t a l  t o  f o r e i g n  g o v e r n m e n t s  o r  f o r e i g n  n a t i o n a l s  may b e  
made  o n l y  w i t h  p r i o r  a p p r o v a l  o f  NASA-MSC ( E P - 2 ) ,  H o u s t o n ,  T e x a s  7 7 0 5 8 .  

I1 S U P P L E M E N T A R Y  N O T E S  

A v a i l a b l e  i n  DDC. 

12 S P O P ~ S O R I N G  M I L I T A R Y  A C T I V I T Y  

NASA-MSC (EP-2)  
H o u s t o n ,  T e x a s  77058 

13l A B S T R A C T  

S i m u l a t e d  a l t i t u d e  t e s t i n g  o f  t h e  A p o l l o  SPS B l o c k  I I  e n g i n e  was 
c o n d u c t e d  f o r  t h e  q u a l i f i c a t i o n  o f  a new d e s i g n  b i p r o p e l l a n t  v a l v e  
(Mod I - C ) .  A l s o ,  t e s t s  w e r e  c o n d u c t e d  t o  i n v e s t i g a t e  p o s t f i r e  p r o p e l -  
l a n t  e v a p o r a t i v e  c o o l i n g  i n  t h e  e n g i n e  i n j e c t o r  and  t o  e v a l u a t e  e l e c t r i c  
s t r i p  h e a t e r s  on t h e  e n g i n e  p r o p e l l a n t  l i n e s ,  b i p r o p e l l a n t  v a l v e ,  a n d  
i n j e c t o r .  O n e - h u n d r e d - s e v e n t e e n  t e s t  f i r i n g s  w e r e  made  f o r  a t o t a l  o f  
863 s e c  o f  f i r i n g  t i m e  d u r i n g  n i n e  t e s t  p e r i o d s .  P r o p e l l a n t s  w e r e  
n i t r o g e n  t e t r o x i d e  a n d  5 0 / 5 0  h y d r a z i n e / U D M H .  E n g i n e  o p e r a t i o n  a n d  
p e r f o r m a n c e  w e r e  s a t i s f a c t o r y ,  b u t  t h e  b i p r o p e l l a n t  v a l v e  d e v e l o p e d  
l e a k s  i n  t h e  v a l v e  b a l l  s e a l s  a n d  s h a f t  s e a l s  g r e a t e r  t h a n  s p e c i f i c a t i o n  
l i m i t s .  P r o p e l l a n t  e v a p o r a t i v e  c o o l i n g  p r o d u c e d  i n j e c t o r  l o c a l  t e m -  
p e r a t u r e s  down t o  17OF f r o m  3 0 ° F  s t a r t i n g  c o n d i t i o n s .  C o l d  t e s t  c o n -  
d i t i o n s  ( 3 0 ° F )  had  l i t t l e  e f f e c t  on e n g i n e  o p e r a t i o n  o t h e r  t h a n  t o  
s l i g h t l y  s l o w  down b i p r o p e l l a n t  v a l v e  o p e r a t i o n  and  t o  e x t e n d  t h e  
i g n i t i o n  t r a n s i e n t .  

T h i s  d o c u m e n t  i s  s u b j e c t  t o  s p e c i a l  e x p o r t  c o n t r o l s  a n d  e a c h  
t r a n s m i t t a l  t o  f o r e i g n  g o v e r n m e n t s  o r  f o r e i g n  n a t i o n a l s  may 
be  made o n l y  w i t h  p r i o r  a p p r o v a l  o f  NASA-MSC ( E P - 2 ) ,  
H o u s t o n ,  T e x a s  7 7 0 5 8 .  

D D ,'°o?. 14  7 3 UNCLA SS IF IED 
Security Classification 



UNCLASSIFIED 
Security Ctaseification 

1 4 ,  L I N K .  A L i N K  B L I N K  C 
K E Y  W O R D S  m i m i 

R O L l  W T  R O L E ;  W T  R O L E  W T  

APOLLO 

r o c k e t  e n g i n e s  

l i q u i d  p r o p e l l a n t s  

v a l v e s  

q u a l i f i c a t i o n  t e s t s  

a l t i t u d e  s i m u l a t i o n  

h e a t i n g  e q u i p m e n t  

e v a p o r a t i v e  c o o l i n g  

UNCLASSIFIED A F S C  

* , , . .  u ,  ~ . .  Security Classificatio'n 




